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Synopsis 

Most of ns know that the lines observed in the spectra of radiation that reaches 
earth from astronomical objects are shifted relative to those observed in the spectra from 
the same elements on earth. Generally, the lines are shifted towards the longer 
wavelengths which is called redshift. In some cases, they are shifted towards shorter 
wavelength called blueshift. From these observed shifts, the understanding of the 
structure of the universe is studied by astronomer which has far reaching consequence. 
There are three well known causes of these shifts, Le.. shift due to relative motion of the 
source and the observer known as Doppler’s shift, due to the expansion of the whole 
universe known as the cosmological shift and the shift due to gravitation. The 
gravitational redshift is observed when the light passes through a strong gravitational 
field, e.g., when light passes in the neighbourhood of a dense star such as a neutron star. 
The discovery of quasi-stellar objects known as quasars and their links with galaxies but 
the amount of redshift shown by the galaxies and quasars being different posed problems 
in astronomy. These problems could not be explained on the basis of existing theories. 
Although the majority of the astronomers do not consider that there can be other 
mechanisms of redshifts except the existing mechanisms, but a few well-known 
astronomers, on the other hand, consider the possibility that there could be some other 
explanation to these puzzles. About a decade ago, Wolf showed that there is a 
mechanism which is deeply rooted in present day physics which has nothing to do with 
the Doppler effect, the expanding universe or gravitation and which can nevertheless 
generate redshift of spectral lines. The mechanism is correlation-induced spectral shift. 

We are familiar with light sources that belong to one of two well-defined 
categories, namely, incoherent and coherent sources. Emission from a thermal source is 
a highly disordered process. Such a source is said to be an incoherent or a chaotic 
source. A well- stabilised laser, on the other hand, generates light in a highly ordered 
manner and is said to be a coherent source. In the statistical sense incoherent and 



coherent sources represents two extreme cases. However, in the two extremes, they are 
termed par tially coherent sources. The degree of coherence (correlation) that exists 
within a source or in an optical field can be described in terms of various correlation 
functions. Within the framework of classical scalar theory, the correlation functions that 
characterise the statistical properties of the sources and of the partially coherent fields 
they generate may be described in the space-time or in the space-frequency domain. The 
sp ace-frequency description has been developed only recently. It has led to the 
elucidations of a number of coherence phenomena as well as to the predictions of new 
effects. 


It was assumed until recently that the spectrum is an intrinsic property of 
radiation that does not change on propagation of radiation in free space. That this 
assumption may not always hold was suggested in an early investigation by Mandel. who 
analyzed the spectral distribution of light in the region of superposition of two light 
beams having the same spectral distribution. Not long ago. Wolf discovered on rather 
general grounds that the spectrum of light, which originates in an extended source 
whether a primary source (a set of radiating atoms or molecules) or a secondary source 
obtained by allowing the radiation from a primary source to pass through an aperture, 
Le., an opening in an opaque screen in an optical system, depends not only on the source 
spectrum but also on the degree of spatial coherence of the source. Wolf also predicted 
that the spectrum of the light will, in general, be different at different points in space. 
This is one of the most significant discoveries in modem optics in recent times. 

In this thesis the following experimental studied have been made to verify certain 
theoretical prediction and to show the applications of correlation-induced spectral 
changes. 

In chapter 1 some of the basic concepts of optical coherence theory in space- 
time domain and space-frequency domain are briefly described to understand the nature 
of partially coherent Hght fields. To formulate these basic concepts of the theory of 
partially coherent light, the polarization properties of the electromagnetic field were 



ignored and it was treated as scalar field. Radiation from model sources, scaling law 
and theoretical and experimental studies on spectral changes due to source correlation 
are described. 

In chapter 2 an experimental study on spectral changes produced on passing 
partially coherent fight through an annular aperture is made for on- axis and off axis 
measurements. The dependence of the observed spectral shift on the ratio of the radius 
of central obstruction to that of the outer radius of opening of annular aperture is 
investigated. 

In chapter 3 using the spectral interference law, the degree of spectral coherence 
I H-i 2 (co) | between the two sources formed over the planes of the fight collecting mirrors 
of a laboratory version of Michelson’s stellar interferometer is determined from the 
measurement of the spectral changes produced on superimposition of radiation from 
these two sources. The theoretically expected values of I p.i 2 (co) | using the 
experimental parameters in the van Cittert-Zemike theorem agree well with the 
experimentally calculated values of | p.i 2 (co) I within experimental errors. A new- 
interferometric equivalence principle is used to determine the angular size of the source 
from the zeros of | p. 12 (co) I in the frequency scale. This new technique makes the 
determination of the angular size of a source less time consuming and simpler than the 
conventional methods. 

In chapter 4 the effect of single and double grating monochromator on the 
coherence properties of light fields is studied experimentally in detail by measuring the 
degree of coherence of the field at the entrance and exit slits of a monochromator. It is 
found that the state of spatial (spectral) coherence of the light field incident at the 
entrance slit of a monochromator is modified considerably at the exit slits of single and 
double monochromator. The spectral degree of coherence (SDC) at the exit slit of 
double monochromator is found to be more than the SDC at the exit slit of single 
monochromator. It is therefore, necessary that while synthesizing a secondary source at 
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the exit slit of a monochromator the coherence properties of the secondary source must 
be carefully studied to analyze properly the far-field spectrum of such a source. 


In chapter 5 the spectral degree of coherence, produced by a quasi- 
homogeneous source masked with an amplitude grating, over the plane of a Young’s 
double slit of fixed based line length is determined from the spectral measurements using 
spectral interference law. The experimental results are compared with the theoretically 
expected spectral degree of coherence obtained for the experimental parameters in the 
accessible optical frequencies. The highest accessible temporal frequency is mapped 
onto zero spatial frequency and the other temporal frequencies to the corresponding low 
spatial frequencies. The Fourier inversion of the spectral degree of coherence over the 
mapped spatial frequencies is used to determine the source intensity-profile. Our 
findings indicate that this technique can be utilised for reconstructing the source 
intensity-profile of a large class of sources. 

In chapter 6 an experimental study of the spectra of partially coherent field, 
propagating beyond an optical system (a lens), reveals that no spectral shift takes place 
on the geometrical-image plane, while large blue shift occurs at the back focal plane of 
the optical system for on-axis points of observation. Different light sources taken for 
the study are (1) partially coherent fields produced by a multimode laser and (2) A 
quasi-homogeneous source with different degrees of spatial coherence. These results 
are consistent with the theory and might find applications in metrology. 
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Chapter 1 


Introduction 


Light fields generated from real physical sources fluctuate randomly to some 
extent. On microscopic level quantum mechanical fluctuations produce randomness 
and on macroscopic level the randomness occurs as a consequence of these 
microscopic fluctuations, even in free space. In real physical sources spontaneous 
emission causes random fluctuations and even in the case of lasers, spontaneous 
emission can not be suppressed completely. In addition to spontaneous emission, 
random fluctuations are caused in the case of lasers by the vibration of the mirrors 
at the end of the laser cavities. There are many other processes which can give rise 
to random fluctuations of light fields. For example interaction of light with matter 
such as the scattering of light by a medium whose physical properties vary in space 
and in time in a random manner due to fluctuations in the density, the temperature 
or the pressure, or propagation of light through a medium of random 
inhomogeneities. These processes produce randomness in the light field. In any 
realizable experiment the randomness can not be suppressed completely. Optical 
coherence theory was developed to describe the random nature of light. 

There are two well defined categories of light sources. These are, the 
traditional thermal sources such as incandescent matter or gas discharge and a laser. 
Emission from a thermal source is a highly disordered process and is said to be an 
incoherent source. A well stabilized laser source, on the other hand, generates light 



2 


in a highly ordered manner and is said to be a highly coherent source. Statistically, 
incoherent and coherent sources represents two extreme cases. While describing the 
phenomena of physical optics and diffraction theory, light is assumed to be perfectly 
coherent in both spatial as well as temporal senses whereas in radiometry it is 
generally assumed to be in the incoherent limit. However, in most cases of practical 
interest we generally deal with light sources and fields that are in between the two 
extremes; they are termed as partially coherent sources and fields. The degree of 
order that exists in an optical field produced by a source of any kind may be 
described in terms of various correlations functions. These correlation functions are 
the basic theoretical tools for the analyses of statistical properties of partially 
coherent light fields. 

Coherence theory deals with the statistical similarity between light 
fluctuations at two (or more) space-time points. It is said to be spatial coherence 
when such similarity exists between the fluctuations at two space points, but with 
time taken to be fixed. On the other hand, it is said to be temporal coherence, when 
statistical similarity exists at two instants of time, but at the same spatial point. In 
order to describe statistical properties of the light fields generated by any kind of 
sources optical coherence theory must be employed. 

As light propagates, the statistical nature of random light field, in general, 
changes even in vacuum so it will affect both its spatial and its temporal coherence 
properties. Historically the first investigation concerning the subject of partial 
coherence (spatial coherence) was made by Verdet [1] who studied the size of 
coherence area of light from an extended primary source. Later researches by 
Michelson established the connection between the visibility of interference fringes 
and the intensity distribution on the surface of an extended source [2], and between 
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the visibility and the energy distribution in a spectral line [3], He used the variant of 
Young’s double slit interference experiment [4] in his stellar interferometer for 
measuring the stellar radii and angular separation of double stars. Michelson's 
results, although were not explicitly concerned with the subject of partial coherence, 
but his investigations contributed a great deal to the clarification and development 
of this subject. It was von Laue [5] who first measured the correlation of light 
fluctuation quantitatively. Further contributions were made by Berek [6] who used 
the concept of correlation in investigating image formation in a microscope. 

The foundation of the subject was. in fact, laid by van Cittert [7] who 
determined the joint probability distribution for the light disturbance at any two 
points on a screen illuminated by an extended primary source. He also determined 
the probability distribution for the light disturbances at any one point, but at two 
different instants of time [8] and the distributions were found to be Gaussian. 
Appropriate correlation coefficients were calculated within the accuracy of these 
studies. Later, a different and a simpler approach to subject of partial coherence 
was introduced by Zeraike [9] with the concept of degree of coherence. Zemike's 
degree of coherence is found to be equivalent to the correlation coefficients 
formulated by van Cittert in many practical situations. In conclusion, spatial 
coherence properties of light fields were described quantitatively by van Cittert and 
Zemike in different manners. These ideas were further simplified and applied by 
Hopkins [10] in solving coherence problems of instrumental optics, e.g., in image 
formation and resolving power. 

All these investigations mentioned so far contributed a lot to the 
development of the subject of partial coherence and bridged the gap between the 
two extreme cases, namely, complete coherence and complete incoherence. But 
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these results were restricted to the quasi-monochromatic light and to situations 
where the path difference between the interfering beams being sufficiently small, he. 
less than the correlation length of the incident beams. The subject of partial 
coherence was further generalized and simplified by a number of researcher, viz. 
Wolf [11,12] and Blanc-Lapierre and Dumontet [13] to deal with more complex 
situations and to formulate the theory rigorously. The attractive feature of their 
work was the introduction of more general correlation functions and precise 
measurement of the correlation properties of the field variables at two space-time 
points. Such second order correlation functions were adequate for the analysis of 
the usual optical experiments involving interference and diffraction of light from 
steady sources. Consequently, the optical coherence theory, also known as second 
order coherence theory in space- time domain, came to existence. 

Shortly after the second order coherence theory was formulated, Hanbury 
Brown and Twiss [14,15] demonstrated experimentally the correlation of intensity 
fluctuations in light beams. This correlation was a contracted form of the forth- 
order amplitude correlations. Once they established the existence of correlated 
intensity fluctuations using laboratory light sources, the technique was applied to 
stellar interferometry. This observation led to the study of higher order correlation 
effects in optical fields. 

Initially, the coherence theory was formulated theoretically in space-time 
domain based on either classical or quantum description of the optical fields. 
Although the traditional characterization of field is adequate for the analysis of all 
elementary phenomenan of interference and diffraction with light of any state of 
coherence and many more practical situations in different branches of physical 
sciences, but in many physical situations which involve the interaction of light with 
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matter, use of space-frequency representation is found to be more appropriate than 
the space-time representation. This is so because the response of matter, such as 
the dielectric constant, the refractive index or the magnetic susceptibility, to an 
incident field is not described by time-dependent but rather by frequency-dependent 
response functions. The theoretical study of optical coherence effect on the 
spectrum of light was first introduced in space-frequency domain by Mandel and 
Wolf [16]. Later, Wolf [17-20] formulated coherence theory in space-frequency 
domain, which has greatly simplified the theoretical analysis of many problems and 
has led to the discovery of non- invariance of spectrum on propagation of radiation 
even in free space [21-23] also known as ‘ the Wolf effect’ In this thesis, some of 
the phenomena concerning the Wolf effect and some of its implications are 
discussed. 

Some of the basic concepts of optical coherence theory in space-time domain 
and space-frequency domain are briefly described in the following sections which 
are important to understand the nature of partially coherent light fields. To 
formulate these basic concepts of the theory of partially coherent light, the 
polarization properties of the electromagnetic field were ignored, for simplicity, and 
it was treated as scalar field. In the subsequent sections, radiation from model 
sources, scaling law and spectral changes due to source correlation are described. 
(These subjects have been treated in detail in many books and reviews [24-33].) 

§1.1 Coherence theory of optical fields in space-time domain 

The concept of optical coherence has long been associated with two-beam 
interference, presumably because interference is the simplest phenomenon that 
reveals a precise measure of correlations between the fluctuating field variables at 
two space-time points. The simplest correlation function in the space-time domain 
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formulation of coherence theory is the mutual coherence function and is defined by 
the expression [24,30] 

r(r I ,r„/ I .<,) = (^('..'l YM)’ 01) 

where F(r,/) is the complex analytical signal representing the fluctuating field at a 

point specified by a position vector r and at time t, angular brackets denote a 
statistical average taken over the realization of the field ensemble and the asterisk 
denotes the complex conjugate. 

Usually it is assumed that the field fluctuations are statistically stationary', at 
least in the wide sense, which means that all the ensemble averages are independent 

of the origin of time [34], Consequently the mutual coherence function is dependent 
on the time argument through the difference of time (r = t l - zy) . Hence in the 

expression (1.1), may be replaced by so 

Itw) = {v‘('vh)V{r 2 ,t z +t)) . (1.2) 

This function r(rj,r 2 ,T) was first introduced by Wolf [11] in elementary 

coherence theory and is known as the mutual coherence function of the field 
vibrations at point and r 2 . The vibrations at point r 2 are considered at time t 
later than at r r . In the general theory of random processes, the function 

is the simplest two point cross-correlation function of the fluctuating field that 
characterizes the statistical similarity of the field fluctuations at two space-time 
points and time.delay t . 


In free space, the field satisfies the inhomogeneous wave equation [30] 
which is given by 
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V 


2 


1 

c 2 dt 2 ) 


V(r,t) = -4KQ(r,t), 


(1.3) 


where c is the velocity of light in vacuum, is a fluctuating source variable 

(which is also assumed zero mean stationary random analytic signal) and F(r ,t) is 

the field which the source generates. It can be shown that when the source is 
stationary, at least in the wide sense, the second order correlation functions of the 
field and of the source are related by the fourth-order differential equation [30] 


V 


v?~Li- 
1 2^2 
C Cl 


2 V 


v 2 - 1 5 




c 2 dr 2 y 


r f - ( r i , r ; , x) = (4 n ) 2 r 2 (r, , r 2 , t) , 


(1.4) 


where r r (r 1 ,r,,'r) and rg(ri,r 2 ,T) are the correlation functions of the field 

distribution and source distribution respectively. V 2 is the Laplacian with respect 
to the coordinate r x and V 2 is the Laplacian with respect to the coordinate r 2 . 


There are two cases of mutual coherence function, (a) When the two points 
coincide (i.e. ^ = r, = r ), one obtains 

r v (r,r,x) = (v*(r,t)V(r,t + x)^. (1.5) 

Eq. (1.5) is called the self coherence or the autocorrelation function of L(r,/) . The 

autocorrelation function implies the statistical similarity of the field function at 

different instants of time but at the same point r. (b) The average field intensity 
Iy( r) of the fluctuating field at any point is a special case of self coherence when 


I y (r) - rV(r,r,0) 

= (r(r,t)V(r.t)}. 


T = 0 SO 


(1.6a) 

<1.6i) 
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In many practical cases, the field is assumed to be ergodic. Ergodicity means 
that an ensemble average or the statistical average is equal to the corresponding 
time average [30,34] 

<V*( r i , /)! '( r 2 ’ t+x )) = V *( T i - f ) V ( r 2 ' { + T ) (1.7a) 

1 T 

= — f ^*( r i > t) v (*2 J + X )dt. (1.7 b) 

Eq. (1.7) represents the mutual coherence function of an ergodic field. 


In problems of practical interest it is convenient to normalize the mutual 
coherence function. The normalised mutual coherence function is called the 
complex degree of coherence of the field, which is directly related to the Singe 
visibility, and is defined by the expression [24,30] 

r r( r i> r 2>?) 


y r (r 1 ,r 2 ,t) = 


yjfy (r t , r t ,oyr> (r 2 , r 2 ,0) 


0 . 3 ) 


and satisfies the Schwarz inequality [27] 

V r r( r i » r 1( 0)Vr, (r, , r 2 ,0) > [r K (r 2 ,r 2 , x)j . 


(1.9) 


This inequality holds for any random field which is stationary in wide sense. 
Using the inequality (1.9), it can be shown that 

°~h r *'( r i» r 2' T )|-l (1.10) 

for ah values of the arguments r l5 r 2 and x ofy. More often the specified notation 
for yK(ri,r 2 ,x) is y u (-c). The extreme case |t 12 (t)| = 0 represents the complete 
incoherence of the field at two points and the other extreme case |y 12 (t)| = l 

represents the complete coherence. In between these two extreme cases 
0 < |ti 2 (t)| < 1, the fluctuating field at two points is said to be partiaUy coherent. 
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The complex degree of coherence y K (r ls r 2 ,x), with x fixed, is a quantitative 
measure of spatial coherence of the field at the points r 3 and r 2 whereas y K (r,r,x) is 
a quantitative measure of the temporal coherence of the field at a point r ( rj = r ; ). 
at time t and t+x. 

§1.2 Coherence theory of optical fields in space-frequency domain 

In many optical experiments, particularh for the analysis of spectral 
properties of sources and of fields, it may be more appropriate to employ functions 
which characterise correlations of partially coherent light in the space-frequency 
domain. These correlation functions between fluctuatings fields are represented by 
the cross- spectral density function [16] which is related to mutual coherence 
function by the expression 

W v , r 2 , co) = J r r (r : , r 2 , x]e ,an dx . (1.11) 

— oc 

characterizes the correlation at points r, and r 2 of the optical field at 

frequency o in space-frequency domain. Similar expression can be written for 
cross-spectral density of a source. It is clear that the cross- spectral density and 
mutual coherence function form a Fourier transform pair which is the optical 
analogue of the Wiener- Khintchine theorem [35] in the theory of stationary random 
processes. Because of the unique relationship between the function and it’s Fourier 
transform, this theorem implies that every member of the ensemble has the same 
power spectral density irrespective of its waveform. Therefore, on dealing with 
stationary random processes it is appropriate to work with cross-correlation 
functions and the power spectral density. 

Later on. Wolf [17,18,20] and Agarwal and Wolf [36] explained explicitly 
more about cross-spectral densities and showed that the formula (1.11) does not 
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actually show that the cross- spectral density is a correlation function. However, it 

has been shown that under very general circumstances, one may construct ensembles 
of random, frequency-dependent realizations of the source variables {u Q (r, ©)} and 

the field variables {f/ r (r,©)} such that the cross- spectral densities of the source and 
of the field can be given by 

^(r„r„o) = (WaMFeM)), < L 12 > 

and 

W r (r l ,r 2 ,a) = (Uy(r v a)U v (r 2 ,Q)) a . (1.13) 

In these two formulae the subscript co on the angular brackets indicates averaging 
over these ensembles of frequency-dependent functions. The functions £/g(r.©) 

and U v { r,co), which are coupled by the inhomogeneous Helmholtz equation in free 
space, are not the Fourier transform of the variable Q{r,t) and f'(r j). In fact, as is 

well known, the sample functions of stationary random process do not possess 

Fourier representation within the framework of ordinary function theory [18.30], 
The functions £/ e (r,©) and C/ r (r,co) have to be introduced in terms of 

eigenfunctions and eigenvalues of Fredholm integral equations, whose kernels are 
the cross- spectral densities. 

The spectral densities ^(r,©) and 5 F (r,co) (power spectrum or simply the 

spectrum) of the source variables and of field variables at point r are the special 
cases of cross- spectral density when two points r x and r 2 coincide to the point r 

therefore 

= J^(r,r,©) = (t/J(r,©)t/ fi (r,©)^ (1.14a) 

and 

S v (r,(o) = J^(r,r,©) = ^(r,©)£/ F (r,©)^ . 


(1.146) 
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In other words, spectral density is just the ‘diagonal elements’ of the cross-spectral 
density. 

Since, the field propagates in free space and satisfies the inhomogeneous 
wave equation, therefore it can be shown that the cross- spectral densities of the 
field and of the source are related by the fourth-order differential equation [30] 

{^i+k 2 ^V : z +yt : )llp(r 1) r 2> co) = (47t) 2 lF 2 (ri,r ; ,co), (1.15) 

where V~ (j = 1.2) is the Laplacian operator acting with respect to the coordinates 
of the point r„ and k = o/c is the free-space wave number associated with the 
frequency co and c being the velocity of light. The equation (1.15) shows that there 
is a linear transform relationship between the cross- spectral density Wq of the 
source and the cross- spectral density Wy of the field. However, there is no such 
relationship between the spectrum of the field and the spectrum of the source. The 
spectrum of the field can be determined by determing with the cross- spectral density' 
of the field, starting from the cross-spectral density of the source and following the 
sequence 

(1-16) 

where in the first step (1.15) has to be used. In fact, in general, the spectrum 
^.(r.co) of radiated field is determined from the source correlations characterised 
by the cross- spectral density Wq( r 1 ,r ; ,o)of the source and not from the source 

spectrum. 

In most cases of practical interest it is useful to define the normalized cross- 
spectral density function by the formula [16,30] 



( 1 . 17 ) 


, , 

Mvt( r l’ r 2 ,G) ) 

Wjru^co) 


( 1 . 18 ) 


where the subscript A stands for the source variables or for the field variables. 
p. 1 (r 1 ,r , 2 ,o) is known as the spectral degree of coherence (sometimes also called the 

degree of spatial coherence or the degree of spectral coherence) at frequency © of 
the optical field at point ^ and r 2 . In the experiments which are described in the 
subsequent chapters the spectral degree of coherence Pr( r i,r 2 ,©) of the field 

variables is denoted by a notation p. 12 (o). 


It has been shown that cross- spectral density is a non-negative definite. 


continuous matrix [18] and follows the inequality 


S x (r, 0 ) = IF A (r.r,co)20 

( 1 . 19 ) 

and 


3 

JL 

& 

IV 

5 

6 

( 1 . 20 ) 

Using the inequahty ( 1. 19) it is clear that 


0<|p 4 (r 1 ,r 2 ,a)|<l, 

( 1 . 21 ) 


for all the values of the arguments r l3 r 2 and ©. The extreme case when 
|p ^(*i,r 2 ,©)[= 1 may be said to represent complete coherence at frequency © of the 
(source or field) fluctuations at the point and r 2 , while st |ir,*(r 1 ,r 2 ,©)| = 0 may be 

said to represent complete incoherence (complete absence of correlations) at 
frequency ©, at the two points. In between these two extremes the field at the two 
points is said to be partial coherent. The complex degree of coherence y 12 (©) and 
spectral degree of coherence p 12 (©) measure different physical informations. The 
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relationship between the two degrees of coherence is discussed by Friberg and Wolf 
[37]. 

§1.3 Radiation from model sources 

In coherence theory, one generally talks about primary sources (i.e. spatial 
distributions of charges and currents, etc.) and secondary sources (e.g., illuminated 
apertures). There are strong similarities between primary and secondary sources. In 
the case of a primary source the randomness comes from the true source 
fluctuations (fluctuating atoms and molecules), while in the case of a secondary 
source it comes from fluctuating boundary conditions of the field in the secondary 
source plane. These sources are defined by various models. In practice one deals 
with typical class of sources defined as Schell-model sources and quasi- 
homogeneous sources. In this section the expressions for the cross-spectral density 
of the field generated by Schell-model sources and quasi homogeneous sources are 
described. 

1.3.1 Schell-model sources 

In the framework of coherence theory in space- time domain, two 
dimensional planar model sources of this kind were first explained by A.C. Schell 
[38,39]. Later the model was adopted for formulation of coherence theory in space- 
frequency domain. 

Schell-model sources are the sources whose degree of spectral coherence 
for either primary or secondary source is stationary in space. It means 

that p^(rj,r 2 ,(o) depends on and r 2 only through the difference r 2 -rj, Le. of the 


form 


H^(ri,r 2 .m)«n^(r 2 -r,.ra), 


( 1 . 22 ) 
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for each effective frequency © present in the source spectrum. Here A stands for 
field variables V, in the case of a Schell-model secondary source and variables Q, in 
the case of a Schell-model primary source. The cross-spectral densit} function of a 
Schell-model source is of the form 

ff 1 (r 1 ,r 2 ,©) = [5^(r 1 ,©)] !/2 [5 , 4 (r 2 ,©)] / n 4 (r 2 -rj.co). (1.23) 

where S 4 (r,©) is the spectral density of the light at a typical point in the source or 
field (plane). The Schell model sources do not assume low coherence, and 
therefore, can be applied to spatially stationary light fields of any state of coherence. 
The Schell model of the form shown in Eq. (1.23) has been used to represent both 
three-dimensional primary sources [40.41] and two-dimensional secondary sources 
[38,42,43], 

1.3.2 Quasi-homogeneous sources 

A useful model of partially coherent sources that are frequently encountered 
in nature or in laboratory are the so called quasi-homogeneous sources [44,45], This 
is an important sub-class of Schell-model sources. A Schell-model source is called a 
quasi-homogeneous if the intensity of a Schell model source is essentially constant 
over any coherence area. Under these approximations, the cross-spectral density 
function for a quasi-homogeneous source is given by [41,30] 

^c(Pi.p 2 .©) = ^ P^fe-p,,©). (1.24a) 

The above equation can be written as 

^(ft>ft-©) = ^[p.©K(p>), (1.24b) 


where p-fo +ft)/2 , and p' = ^ . The subscript A stands for either V or Q for 
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Fig. 1.1 A schematic, one-dimensional illustration of the variation of the 
absolute value of the spectral degree of coherence p.^(p',cc>) (fast 

function of p ') and of the spectral density ^(p.co) (slow function of 
p ), with o fixed, across a quasi-homogeneous source. 


the field variable or a source variable respectively. It is clear that for a quasi- 
homogeneous source the spectral density ^(p.co) varies so slowly with position 

that it is approximately constant over distances across the source that are of the 
order of the correlation length A (the effective width of |pg(p',co)[). Therefore 

Sq(p , ©) is a slow function of p and pg(p',co) is a fast function of p'. In addition, 

the linear dimensions of the source are large compared with the wavelength of light 
and with the correlation length A (Fig. 1. 1). 

Quasi-homogeneous sources are always spatially incoherent in the ‘globaF 
sense, because their linear dimensions are large compared with the correlation 
length. This model is very good for representing two-dimensional secondary 
sources with sufficiently low coherence that the intensity does not vary over the 



coherence area on the input plane [44,46]. It has also been applied to three- 
dimensional primary sources [41,40] and to two-dimensional primary and secondary 
sources [47,48]. 

The discovery that spatial coherence properties of a source affect the 
spectrum of emitted radiation grew out of the development of theoretical techniques 
for the study of coherence effects in space-frequency domain. The first theoretical 
prediction that the spectrum of light may differ from the spectrum of source was 
made by Wolf [21-23], Since then a lot of theoretical and experimental studied have 
been made and several applications of these studies have been proposed. A brief 
account of the theoretical prediction about the spectral changes due to source 
correlation and that the changes may take place on propagation even in free space is 
given below. 

§1.4 Spectral changes and scaling law 

It was assumed until recently that spectrum is an intrinsic property of light 
that does not change as the radiation propagates in free-space. That this assumption 
may not always hold was first noted by Mandel [49,50], He analyzed in his work on 
cross- spectral purity that the superposition of two beams of the same spectral 
density may lead to changes in the spectrum of light (at a fixed point) in the region 
of superposition. Not long ago, Wolf [21-23] discovered on rather general grounds 
that the spectrum of light, which originates in an extended source whether a p rimar y 
source (a set of radiating atoms or molecules) or a secondary source obtained by 
allowing the radiation from a primary source to pass through an aperture, that is, an 
opening in an opaque screen in an optical system, depends not only on the source 
spectrum but also on the spatial coherence properties of the source. Wolf also 
predicted theoretically that the spectrum of light will, in general, be different from 




Fig. 1.2 Illustrating the notation relating to radiation from a planar 
secondary source. P is a point in the far-zone, specified by a position 

vector r = m ( u“ = 1). The symbol u x denotes a projection (considered 
as a two-dimensional vector) of the unit vector u onto the source plane. 

the spectrum of the source and be different points in space on propagation in free 
space. 

To show how correlations of the light across the source affect the spectrum 
of radiation field, we consider radiation from an extended source in the form of a 
planar secondary source such as an aperture in an opaque planar screen illuminated 
by radiation of any state of spatial coherence. Let the second-order coherence 

properties of the secondary be characterised by the cross- spectral density 
,p£,©) where p[ and p£ are the two dimensional position vectors of any two 

points in the source plane (Fig. 1.2), the spectrum of the field at a point in the far- 
zone, generated by such a source is given by the formula [5 1] 




(1.25) 
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Here rsru is the position vector of the point P, referred to an origin in source 
region, u is a real unit vector and u x is the projection of u, considered as a two 

dimensional vector on to the source plane. 0 is the angle between u and normal to 
the source plane and k = o jc . Equation ( 1.25) shows that the spectrum of the field 
in the far-zone depends not only on the source spectrum ^ 0> (p,co) = o) of 

light distribution across the secondary source but also on the spectral degree of 
coherence. 


As has been mentioned in the text that partially coherent sources that are 

frequently encountered in nature or in laboratory are the so-called quasi- 
homogeneous sources [30,44,45], The cross-spectral density ^ 0) (p l ',p^,co) of such 

a source as expressed in Eq. (1.24) can be given as 

-p,». ( 1 . 26 ) 


Let us introduced the normalised source spectrum s^(p,co) by the relation 



(1.27) 


and /^°^(p) 


is the intensity across the source can be given by the formula 




(1.28) 


It is also assumed that the normalised spectrum of the source is same throughout the 
source region such that s%,a>) = s%). Substituting from Eq. (1.27) and Eq. 

(1.28) in Eq. (1.26), we get 




(1.29) 
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On substituting Eq. (1.29) in Eq. (1.25), one obtains the expression for the far- field 
spectrum of the field generated by a planar, secondary, qua si-homogeneous source, 
whose normalised spectrum is same at each source point, therefore 

^"^(ru,co) = / ! ° > (0){JL ! ° 1 (Au i ,Q)5^ o '(co) , (1.30) 


where 7^(f) and p^(f ,<b) denote the two dimensional spatial Fourier transforms 

of the spatial distribution of this intensity and of the spectral degree of coherence. 
i.e. 

7 {0) (f) = jj / (0, ( p> ( - rf ‘Vp (1.31a) 

(2tc) 

p (0, (f,co) = — ^ 0) (p,co)e (_ff ' p ^ 2 p- (1.316) 

[2%) 


Equation (1.30) shows that the spectrum of the field in the far-zone depends on the 
coherence properties of the source through the spatial Fourier transform of its 
spectral degree of coherence. Thus one can immediately infer that the normalised 
spectrum of the field in the far-zone generated by a planar, secondary, quasi- 

homogeneous is not, in general, equal to the normalised spectrum of the light in the 
source plane and the normalised spectrum of the field in the far-zone s^(ru,ci>) is 

related to normalised s^(co) of the source by the formula 



jS^(ru,G>) 

j^° 5^®^(ru,o)da) 


|co 'u ± ,(D')js^(a ')db ' 


(1.32) 


where jfc'=©'/c. 
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To explain the reason why such coherence-induced spectral changes were 
not observed until recently, Wolf [21,30] showed that the usual thermal sources 
employed in laboratories or commonly encountered in nature have special coherence 
properties which ensure that the normalised spectrum of the radiation they emit in 
free space is the same throughout the far-zone and is equal to normalised source 
spectrum. 

Let us consider a planar, secondary, quasi-homogeneous source, whose 
normalised spectrum is the same at every point on the source. It has been shown by 
Wolf [21,52] and Ohtsuka [53] that a necessary and sufficient condition for a field 
radiated by such a source to have the same normalised spectrum throughout the far- 
zone and across the source plane is that its spectral degree of coherence has the 
function form 

ti (0) (P2-Pl.©)=^(p2-pl)], (* = 7 = y)- (I ' 33> 

This formula expresses the so-called scaling law and shows that if one changes the 
wavelength, one can compensate for the change in fY(ft -p )J CL))by an appropriate 

change in (p^ - ft) . More precisely the scaling law arises from the fact that for 
certain sources, the knowledge of the spectral degree of coherence |i^(ft -p,,ca) at 

one frequency gives information about the spectral degree of coherence at all 

frequencies; one only needs to scale appropriately the separation of the points 
represented by the vector (ft - ft) . 

It turns out that the scaling law is satisfied by some of the most commonly 
occurring sources found in nature and in the laboratory. For example, the spectral 
degree of coherence of Lambertian sources and of a blackbody sources can be 
shown to be given by the formula [ 21 , 30 ] 
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= (1 .34) 

%-pl| 

This expression evidently satisfies the scaling law, and consequently the normalised 
spectrum of the field generated by such sources is the same throughout the far-zone 
and is equal to the normalised spectrum of the field across the source. However, if 
the spectral degree of coherence does not satisfy the scaling law, the normalised far- 
field spectrum will, in general, be different in different direction in the far-zone and 
will differ from the source spectrum. 

§1.5 Spectral Changes in Young’s interference experiment 

Spectral changes in Young’s interference experiments with broad-hand light 
are not as well understood as their quasi- mono chromatic counterparts, probably 
because in such experiments no interference fringes formed. However, if one were 
to analyse the spectrum of the light in the region of superposition, one would 
observe a modulation of it. The fact that the superposition of two beams of the 
same spectral density may lead to change in the spectrum of light in the region of 
superposition was first noted by Mandel [49,50], in his work on cross- spectral 
purity'. 


One can readily derive an expression for the spectrum of light in the region 
of superposition. For this purpose consider partially coherent light incident from 
the left onto an opaque screen containing two small identical apertures at Pi and P 2 

(Fig. 1.3). The field at these points may be represented by ensembles of frequency- 
dependent realisation {{/(/], ©)j and We assume that the apertures are 

sufficiently small so that the amplitude of the field is effectively constant over each 
of them and also that the angles of incidence and diffraction are small. Then the 
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i|„, 


Fig. 1.3 Young's interference experiment with light of any state of coherence. 


field at a point P beyond the screen is, to a good approximation, given by the 
following expression [54] 


U(P,a) = ikA 


ikR t ikR 2 

V . t rf \ & 




( 1 . 35 ) 


Here A is the area of each pinhole, R t and R 2 are the distances from each pinhole 
to the point P and, as before, k=o/c is the wavenumber associated with frequency 
o, c being the speed of light. 


On substituting from (1.35) into (1.14b), we obtain for the spectrum of the 
light at the point P the expression [54] 


S(i>) = sf \ p , a ) +$«(/>) + 2 p '\ p , a ) P 2 \ p , a ) 


(1-36) 
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Here ,©) is the spectral density of the light at P which would be obtained if 

the small aperture at Pi alone was open, ^ 2 ^(P,co) has a s imil ar meaning if only the 
aperture at P 2 was open and P(P 1 ,P 2 ,cl>) denotes the phase of the spectral degree of 
coherence [54] 

p(P, ,P 2 ,co) = |p(P, , P 2 ,a)\e ® iPl ^ . (1.37) 

The formula (1.36) is the so-called spectral interference law relating to 
superposition of beams for any state of spatial coherence [16], 

Let us assume, as is commonly the case, that S^(P, co) «S (1) (P ,<a) and let d 

be the distance between the two pinholes. Consider the spectral density at the point 
P, at distance x from the axis of symmetry in an observation plane at distance R 
behind the plane containing the pinholes. Assuming that x/R « 1 , one can mak e 

the approximation [54] 

(1.38) 

and Eq. (1.36) then reduces to 

S(P,o) * 2^ I) (P,Q){l+|p(P lJ P 2 ,Q)| cos [p(P 1 ,P 2 ,o))+ca xd/cR ]} . (1.39) 

This formula implies the following two results: (i) at any fixed frequency ©, the 
spectral density varies sinusoidally with the distance x of the point from the axis, 

with the amplitude and the phase of the variation depending on the (generally 
complex) spectral degree of coherence and (ii) at any fixed point P in 

the observation plane the spectrum S(P,o) will, in general, differ from the 
spectrum 1 ? 1 (P,©), the change depending also on the spectral degree of coherence 
K^i'^ 2 ’®) of the fight at the two pinholes [54,55]. 



24 


§1.6 Experimental confirmations 

Since the discovery of the phenomenon of spectral variance on propagation 
of radiation (due to coherence), many experiments have been performed to verify' of 
these theoretical predictions. The first experimental tests of the theoretical 
prediction of spectral invariance and non-invariance due to correlation of 
fluctuations across the source were performed by Morris and Faklis [56,57], They 
measured the far-field spectra produced by two different planar, secondary, quasi- 
homogeneous (PSQh) sources. The first system was an ordinary lens which obeyed 
the scaling law. and the normalized spectra were found to be invariant on 
propagation. The second system was a Fourier achromat which consisted of a 
combination of optical elements. It was shown that this system violated the scaling 
law. The spectral degree of coherence of light produced at focal plane of the 
Fourier achromat was effectively independent of frequency over the whole spectral 
range for which the lens has been achromatized. Hence spectra were found non- 
invariant on propagation. 

An interesting experiment for showing the effects of source correlations on 
the spectra of emitted radiation was designed by Indebetouw [58]. In this optical 
system a secondary source was synthesized having varying degrees of coherence. It 
was shown that different pupil masks can generate different spectral degrees of 
coherence of the synthesized source at each frequency of the dispersed spectrum. In 
general, such a secondary source did not satisfy the scaling law and, consequently, 
the spectrum of light differed in the far-zone of the source. 


It is well known that, generally in practice, diffracting and sometimes also 
dispersive elements are interposed between the source and the detector. This has 
been noted that a diffracting aperture will, in general, change the coherence 



properties of the light which passes through it, even in the absence of dispersive 
medium. It is known if partially coherent light is diffracted by an aperture whose 
linear dimensions are of the order of or smaller than the width of the transverse 
correlations of the incident light, the light which emerges from the aperture will be 
essentially spatially coherent. However, if the size of the aperture is sufficiently 
large, the emerging light will be partially coherent. Consequently the spectrum of 
the light which is transmitted by the aperture to be, in general, affected by the size 
of the aperture. This effect was first noted by KandpaL Vaishya and Joshi [59] with 
a simple optical experiment. Their experimental setup consisted of different filter- 
lens combinations, with apertures of varying sizes so that for small frequency 
sampling a properly achromatized secondary source with varying degree of 
coherence could be produced. The normalized spectrum observed in the far- zone 
was found to be different than the source spectrum Further the systematic studies 
of the effect of aperture size on the spectrum of the light diffracted by an aperture 
was made by Foley [60,61]. This simple experiment has not only verified the 
theoretical predictions but also has shown direct implications in basic and applied 
research [62]. One of the important applications of these observations has been 
shown to explain the discrepancies in the maintenance of the spectroradiometric 
scales by national laboratories in different countries [59], 

It has been shown that cross-spectrally pure light can be generated, for 
example, by linear filtering of light that emerges from the two pinholes in Young’s 
interference experiments [63], It has also been confirmed experimentally that the 
spectra in the region of superposition show spectral changes, Le. shift in the peak of 
the wavelength for narrow bandwidth of light and spectral modulations with broad- 
band light in Young’s interference experiment [64,65], The experimental studies on 
correlation-induced spectral changes and spectral modulations produced in two 



26 


beam interference with broad-band light have potential application in determining 
experimentally the spectral degree of coherence of partially coherent fields [66] 
The knowledge of spectral degree of coherence is often important in remote sensing 
[67,68], 


The connections between Young's interference experiment and the 
measurement of the complex degree of coherence of light in space-time domain is 
well-known. Michelson’s well-known technique for determining angular diameters 
of stars by determining complex degree of coherence forms the basis for 
interferometric imaging which is one of the most powerful methods currently 
employed in radio astronomy. It makes use of multiple-element interferometers to 
determine the degree of coherence at several pairs of detectors in the radiation field 
reaching the Earth from distant radio sources. The detector system used in such 
instruments filters out the incoming radiation to make it quasi-monochromatic. 
Interference fringes are formed and the degree of coherence is determined from 
measurement of their visibility. The intensity distribution across the source, which 
is assumed to be essentially incoherent, is then obtained by the use of van Cittert- 
Zemike theorem. However, it has been shown theoretically [ 67 , 68 ] and 
experimentally [69] that spectroscopic method for observing coherence-introduced 
spectral changes is a novel method for determining spatial coherence properties of a 
incident light over broad frequency range. In many cases of interest, the field 
correlations in the far- zone of radiating sources obey the so called space-frequency 
equivalence principle. Some of the practical problems encountered in determining 
the intensity distribution across sources in traditional interferometric methods can be 
overcome by m a k i n g use of determining spatial coherence properties over a large 
frequency range from the spectral changes produced due to interference. The 
essence of space-frequency principle is that measurement of spectral degree of 
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.coherence over some frequency co by doubling the vector separation of the detectors 
(radio antennas) is equivalent to making the measurements at the original vector 
separation but at frequency 2 to. Kandpal et.al [70] have shown by laboratory 
experiments that a trade-off of this kind could be potentially powerful technique for 
determining intensity distribution across sources and also the angular separation of a 
pair of sources [69], These laboratory experiments might find applications in 
astronomy in synthetic aperture imaging and also determining angular separation of 
double stars by simple, quick and cost effective methods. 

It has been shown both theoretically [71] and experimentally [72] that if two 
partially coherent beams are made incident at the entrance beam splitter of a Mach- 
Zehnder interferometer and spectrum of one of the beams at the output of the 
interferometer is probed, one observes spectral modulations. The spectral 
modulations depend on the degree of spectral coherence between the two beams and 
also on the optical path difference of the beams in the arms of the interferometer. It 
has been shown experimentally that from only two spectral measurements one can 
get information about the degree of spectral coherence and also the optical path 
difference. Since optical path difference of the order of the average wavelength of 
the radiation can be determined experimentally, this method could be a better 
technique for measuring small displacements and thickness of transparent films very 
accurately. 

Wolf [23] showed also the effect of source correlation on the spectra of 
emitted fields by taking simple example of radiation from two small fluctuating 
sources and showed that the far-field spectrum shifts towards shorter wavelengths 
(i.e. blue shift) or towards longer wavelengths (red shift) depending on the 
correlation existing between the two fluctuating sources. The prediction that the 
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energy redistribution in the spectrum of radiated field due to source correlation may 
result in apparent shift of spectral line was demonstrated experimentally by Bocko, 
Douglass and Knox [73] using electronically generated acoustical sources. In the 
optical domain the prediction was verified by Gori, Guattari, Palma and Padovani 
[74] by producing partially correlated sources obtained by mixing two independent 
light beams with nearly the same spectra. A potential application of coherence- 
induced spectral changes with radiation from two small sources was proposed by 
Gamliel and Wolf [75] who showed that by controlling the spectral degree of 
coherence it is possible to modulate the spectrum, e.g. narrowing and broadening of 
a spectral line or generation of several lines from a single spectral line [76], 

§1.6 Motivation and outline of the thesis 

Induced by the developments which took place in the past few years after the 
discovery of correlation-induced spectral changes also known as the ‘ Wolf effect'. 
the study on the effect of spatial coherence on the spectra of radiated fields has been 
extended further to verify experimentally certain theoretical predictions and to show 
a few applications of this phenomenon. 

hi chapter 2, an experimental study has been made to clearly demonstrate the 
spectral changes that take place due to source correlation and that due to 
diffraction. 

In chapter 3 , the space-frequency equivalence principle has been applied to 
determine the angular sizes of sources by determining the degree of spatial 
coherence from the spectral changes produced on interference in a laboratory 
version of Michelson’s stellar interferometer. This is an important study which 
might find application in remote sensing. The study carried out in chapter 4 is the 



reconstruction of source intensity profile using the space-frequency equivalence 
principle in Young’s double slit experiment. This may be utilised in automated 
inspection. 

In chapter 5 , it has been shown experimentally that the spectra of partially 
coherent fields, propagating beyond an optical system (a lens) reveal no spectral 
shift on the geometrical-image plane, while large blue shift occurs at the back focal 
plane of the optical system for on-axis points of observation. In many spectroscopic 
measurements a monochromator is used as a device to filter out the radiation. It has 
been shown in chapter 6 that the optics in a monochromator affects the coherence 
properties of the radiation fields. The impact of these studies would be in 
metrology. 



30 


References 


[1] E. Verdet. Ann. Scientif VEcole Normale superieure 2 (1865) 291. 

[2] A. A. Michelson, Phil. Mag. (5) 30 (1890) 1; 31 (1891) 256, Astrophys. J. 
51 (1920) 257. 

[3] A.A. Michelson, Phil. Mag. (5) 31 (1891) 338; 34 (1892) 280. 

[4] T. Young. Phil. Trans. Roy. Soc. xcii 12 (1802) 387; Young 's Works , Vol. 
1, pp. 140. 170. 

[5] M. von Laue, Ann. d. Physik (4) 23 (1907) 1, 795. 

[6] M. Berek, Z. Phys. 36 (1926) 675, 824 ; 37 (1926) 387; 40 (1926) 420. 

[ 7 ] P.H. van Cittert, Physica 1 ( 1934) 201. 

[8] P.H. van Cittert, Physica 6 ( 1939) 1 129. 

[9] F. Zemike. Physica 5(1938) 785. 

[10] H.H. Hopkins, Proc. Roy. Soc. A 208 (1951) 263; ibid. A 217 (1953) 408. 

[11] E. Wolf Proc. Roy Soc. A 230 (1955) 246; ibid; A 225 (1954) 96. 

[12] E. Wolf Nuovo Cimento 12 (1954) 884. 

[13] A. Blanc-Lapierre and P. Dumontet, Rev. d’ Optique 34 (1955) 1. 

[14] R. Hanburv Brown and R.Q. Twiss, Proc. Roy. Soc. A 242 (1957) 300. 

[15] R_ Hanbury-Brown and R_Q. Twiss, Proc. Roy. Soc. A 243 (1957) 291. 

[16] L. Mandel and E. Wolf J. Opt. Soc. Am. 66 (1976) 529. 

[17] E. Wolf Opt. Commun. 38 (1981) 3. 

[18] E. Wolf J. Opt. Soc. Am. 72 (1982) 343. 

[19] E. Wolf Opt. Lett. 8 (1983) 250. 

[20] E. Wolf J. Opt. Soc. Am. A 3 (1986) 76. 

[21] E. Wolf Phys. Rev. Lett. 56 (1986) 1370. 

[22] E. Wolf Nature 326 (1987) 363. 

[23] E. Wolf Phys. Rev. Lett. 68 (1987) 2646. 

[24] M. Bom and E. Wolf “Principles of Optics’’ (Pergamon Press, Oxford, 
Sixth ed., 1980) chapter 10. 

[25] J.W. Goodman, “Statistical Optics ” (Wiley, Chichester, 1985). 



[26] M.J. Beran and G.B. Parrent, " Theory of Partial Coherence” (Prentice- 
Hall, Englewood Cliffs, N.J., 1964). 

[27] L. Mandel and E. Wolf, Rev. Mod. Phys. 37 (1965) 231. 

[28] J. Parina, "Coherence of Light” (Reidel, Dordrecht, Second ed., 1985). 

[29] A.S. Marathay, “Elements of Optical Coherence Theory " (John Wiley and 
Sons, 1982). 

[30] L. Mandel and E. Wolf, “Optical Coherence and Quantum Optics” 
(Cambridge University Press. Cambridge, 1995). 

[31] W.H. Carter, “Hand Book on Optics” (Ed. M Beas etal. McGraw Hill 
Publications 1996). 

[32] H.C. Kandpaf J.S. Vaishya and K.C. Joshi, Opt. Eng. 33 (1994) 1996. 

[33] E. Wolf and D.F.V. James, Rep. Prog. Phys. 59 (1996) 771. 

[34] W.B. Davenport and W.L. Root, " Random Signals and Noise" (MeGraw- 
Hill, New York, 1958). 

[35] C. KitteL “ Elementary Statistical Physics ” (Wiley, New York 1958). 

[36] G. S. Agarwal and E. Wolf, J. Mod. Opt. 40 (1993) 1489. 

[37] A.T. Friberg and E. Wolf Opt. Lett. 20 (1995) 623. 

[38] A.C. SchelL “The Multiple Plate Antenna” (Doctoral Dissertation, 
Massachusetts Institute of Technology, 1961). 

[39] A.C. SchelL IEEE Trans. Antennas Propag. AP-15 (1967) 187. 

[40] W.H. Carter and E. Wolf Optica Acta 28 (1981) 227. 

[41] W.H. Carter and E. Wolf Optica Acta 28 (1981) 245. 

[42] E. Collett and E. Wolf Opt. Lett. 2 (1978) 27. 

[43] W.H. Carter and M. Bertolotti, J. Opt. Soc. Am. 68 (1978) 329. 

[44] W.H. Carter and E. Wolf J. Opt. Soc. Am. 67 (1977) 785. 

[45] J.W. Goodman, Proc. IEEE 53 (1965) 1688. 

[46] W.H. Carter and E. Wolf J. Opt. Soc. Am. A 2 (1985) 1994. 

[47] E. Wolf and W.H. Carter, J. Opt. Soc. Am. 68 (1978) 953. 

[48] W.H. Carter, J. Opt. Soc. Am. A 1 (1984) 716. 

[49] L. Mandel, J. Opt. Soc. Am. 51 (1961) 1342. 

[50] L. Mandel, J. Opt. Soc. Am. 52 (1962) 1335. 

[5 1] E.W. Marchand and E.Wolf J.Opt. Soc. Am. 64 (1974) 1219. 



32 


[52] E. Wolf; J. Mod. Opt. 39 (1992) 9. 

[53] Y. Ohtsuka, Opt. Rev. Japan 2 (1995) 347. 

[54] D.F.V. James and E. Wolf, Phys. Letts. A 157 (1991) 6 

[55] D.F.V. James and E. Wolf, Opt. Commnn. 81 (1991) 150. 

[56] G.M. Morris and D. Faklis, Opt. Commun. 62 (1987) 5. 

[57] D. Faklis and G.M. Morris, Opt. Lett. 13 (1988) 4. 

[58] G. Indebetouw. J. Mod. Opt. 36 (1989) 251. 

[59] H.C. Kandpal. J.S. Vaishya and KC. Joshi, Opt. Commun. 73 ( 1989) 169. 

[60] J.T. Foley, Opt. Commun. 75 (1990) 347. 

[61] J.T. Foley, J- Opt. Soc. Am. A 8 (1991) 1099. 

[62] H.C. KandpaL J.S. Vaishya and K_C. Joshi. Phys. Rev. A 41 (1990) 4541. 

[63] H.C. Kandpal, K Saxena, D.S. Mehta. J.S. Vaishya and KC. Joshi, Opt. 

Commun. 99(1993) 157. 

[64] H.C. Kandpal, J.S. Vaishya, M. Chander, K Saxena. D.S. Mehta and KC. 
Joshi, Phys. Letts. A 167 (1992) 114. 

[65] M. Santarsiero and F. Gori, Phys. Letts. A 167 (1992) 123. 

[66] K Saxena, D.S. Mehta, H.C. Kandpal, J.S. Vaishya and KC. Joshi, Opt. 
Commun. Ill (1994) 423. 

[67] D.F.V. James and E. Wolf; Radio Science 26 (1991) 1239. 

[68] D.F.V. James, H.C. Kandpal and E. Wolf Astrophys. J. 445 (1995) 406. 

[69] H.C. Kandpal. K Saxena, D.S. Mehta, J.S. Vaishya and KC. Joshi J. Mod. 

Opt. 42 (1995) 447. 

[70] H.C. Kandpal, K Saxena, D.S. Mehta, J.S. Vaishya and KC. Joshi, J. Mod. 
Opt. 42 ( 1995 ) 455 . 

[71] G.S. Agarwal and D.F.V. James, J. Mod. Opt. 40 (1993) 1431. 

[72] D.S. Mehta, ELC. Kandpal, K Saxena, J.S. Vaishya and KC. Joshi, Opt. 
Commun. 119 ( 1995 ) 352 . 

[73] M.F. Bocko, D.H. Douglass and R.S. Knox, Phys. Rev. Lett. 58 (1987) 
2649. 

[74] F. Gori, G. Guattari, C. Palma and C. Padovani, Opt. Commun. 67 (1988) 1. 

[75] A. Gamkel and E. Wolf Opt. Commun. 65 (1988) 91. 

[76] H.C. Kandpal, J.S. Vaishya and KC. Joshi, Opt. Commun. 77 (1990) 1 
{erratum: ibid., 78 (1990) 444}. 



3 


Chapter 2 


Correlation-induced spectral changes on passing 
partially coherent light through 
an annular aperture 


It has already been explained in chapter one that when light propagates from 
planar, partially coherent, secondary source which has the same spectrum at all 
source points, the normalised spectrum of the light in the far- zone will, in general, 
be different at different observation points and be different from the normalised 
spectrum of the light in source plane. This change in the spectrum can be produced 
when (i) the correlation function of the emitted light does not satisfy the Wolf s 
scaling law [1], (ii) the secondary source does not satisfy the quasi-homogeneous 
condition [2,3]. It was also shown that if such a source is quasi-homogeneous and 
satisfies the scaling law, the normalised spectrum of the light will be the same at all 
observation points in the far-zone. It will be the same as the normalised spectrum of 
the light in the source plane [1J. These predictions have been verified 
experimentally by a number of researcher [4,5], 

Recently, it was shown theoretically that spectral changes take place when 
partially coherent light is passed through an annular aperture [6]. The paper 
analysed change in the spectrum that are produced due to source- correlations at on- 
axis observation points in the far-zone of the annular aperture. 
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la this chapter, experimental results of the study of the spectral shifts are 
discussed at on-axis points and off-axis points in the far-zone of an annular aperture 
when partially coherent light is passed through the annular aperture. The changes in 
the spectra are found to depend on the ratio of the radius of central obstruction to 
the outer radius of the annular aperture and also on the degree of spectral coherence 
at the annular aperture. 

§2.1 Theory 

The schematic arrangement of the optical system is shown in Fig. 2.1. A 
circular, spatially incoherent, polychromatic, planar source a of radius a s is 

illuminated by light and is in the front focal plane of a thin achromatic lens L of 
focal l en gth/ The source (cr) is assumed to be uniform, i.e. its spectrum is 

assumed to be the same at all source points. Here © denotes (angular) frequency. 
An opaque screen with an annular aperture A is placed at the back focal plane of the 


y 



Fig. 2.1 The optical system. 
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Lens L. The outer radius of the annular aperture is a, the inner radius of the 

aperture is b, and the ratio bla is called central obstruction s. The plane of opaque 
screen is at z=0. The observation point P located by position vector r = (p, ") 

denotes an observation point in the far-zone of the aperture. Here investigation is 
limited to on-axis observation points, i.e. to the case p = 0. 


To determine 5(r,co), we must know the cross spectral density of the light in 

the aperture A. Consider two points Pi and P 2 in A which are located by position 
vectors p[ and . If the radius of lens is large enough so that its finite size may be 

neglected the cross spectral density of the light at Pi and P 2 is given by [7] 


where 


^(pl’PZ’V) = ^° } (®)^ 0) (pl'>P2’ a ), 


S^°\ q) = TpS 1 ^©), 

•"'“■•'-■IKS 3 




> c 


Here r\ is a constant, k = co/c, c is the speed of light in vacuo, and J x is the Bessel 
function of order 1. ^'(q) and (^(pi'.ps,®) are, respectively, the spectrum and 

the spectrum and the complex degree of spatial coherence at frequency a of the 


light in the aperture A. 




The spectrum of the light at on-axis point of observation in the far-zone of 

■f—*- —— - — — “ 

the aperture, as derived by Pu [6] is given by the expression 


where 


% Q ) = [— j5 {0) (£o)[M 1 (©)-e 2 A/ 2 (o))], 


A/j(co) = 1- j£[3.832a/L(®)] - j\ [3.832nr/X(co)] , 



M 2 (co) = 1- 4[3.832sa/l(co)] - ./?[3.832sflr/ l(o)] , 


( 2 . 6 ) 


Jo and J\ are the Bessel functions of order zero and first degree, respectively 

L{ co) = 3.832 f/kas = 3.832 c//coa s (2.7) 


is called the effective correlation length of light on the annular aperture. Thus the 
spectrum S(z,cd) at the on-axis observation point in the far-zone is modified by 

geometrical factors and two frequency dependent factors M ; (co) and Af,(e>) which 
depend on a/ L(co), and s. If s = 0, Eq. (2.4) shows that the spectrum of the light at 
on-axis point of observation in the far-zone of the aperture has the form 


S(--,co) = 


\a s z) 




( 2 . 8 ) 


This expression is derived by Foley [2] for circular aperture. 


§2.2 Experimental details and results 

The experimental setup used is shown in Fig. 2. A 750 W tungsten-halogen 
lamp operated by a highly stabilized dc power supply was used as a source. To 
generate a planar secondary uniform illuminated incoherent source, the light from 
the primary source (tungsten-halogen lamp) was transmitted through a ground glass 
diffuser. The transmitted light was made incident on a circular aperture (cr) of 
radius a s = 250 pm at front focal plane of an achromatic lens (focal length = 20 cm), 
which was placed about 15 cm away from the diffuser plate. The circular aperture 
is defined as plane I. It was assumed that, in this case, the spectrum is same at all 
points within the aperture at plane I. At the back focal plane of the achromatic lens 
defined as plane II, we introduced either a circular aperture or annular apertures of 
different sizes. Different interference filters with different peak wavelengths were 
placed just before secondary source plane n. 
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Fig. 2.2 Schematics of the experimental setup used; S-source, D- diffuser, 
L-Lens, F-filter, A- aperture, M-monochromator, DP-data processing unit. 

To observe correlation-induced spectral shifts, circular aperture or annular 
apertures were introduced at plane II. The radius of the circular aperture used was 
328 pm. The variation in outer radius of all annular apertures were within 1.0%. 
while the central obstructions of the annular apertures were of different radii. The 
ratios (e) of radii of the central obstruction to the outer radius for the annular 
aperture were 0.40, 0.52, 0.60, 0.77 and 0.90. The spectrum of the light emerging 
from plane II was measured in the far-zone of the apertures (plane HI) using a 
spectrometer. The spectrometer used in this experiment was a SPEX 1404 double 
grating monochromator M with a cooled photomultiplier detector having GaAs 
surface as its photocathode. The monochromator used has a focal length of 0.85 m, 
aperture ratio 177.8 and gratings of dimensions 110 mmx 110 mm having 1200 lines 
mm' 1 blazed at 500 nm. The photomultiplier output was recorded in photon 
counting mode and was coupled to a data processing system. Measurements were 
made both for on-axis as well as for off-axis points. To demonstrate correlation- 




induced spectral shift, experimental results obtained for interference filter of peak 
wavelength X — 534 nm and half bandwidth 15 nm are presented in this chapter. 


2.2.1 On-axis measurements 

The experimental setup together with the monochromator-detector system 
was first aligned for on-axis measurements. The spectrum of the light transmitted 
by the interference filter was measured at a point some distance away from plane II 
in the absence of the circular aperture or annular in plane II and is assumed to be 
same at plane II. This spectral distribution is shown by the curve A in Fig. 2.3. 



Wavelength 

Jig. 2.3 Far-field spectrum at on-axis point. Curve A-source spectrum. 
Curve B-the spectrum when circular aperture was introduced in plane D, 
Curve C-the spectrum when annular aperture of central obstruction s = 0.9 
introduced in plane II. 
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A circular aperture of radius 328 pm was placed in plane II for on-axis 
measurements without disturbing the alignment of the experimental setup. The 
spectrum of the light emerging from the aperture was then measured at its far- zone 
and is shown by curve B in Fig. 2.3. It is observed that in this case the spectrum is 
blue shifted by 0.6 nm with respect to the spectrum of the source in plane II. These 
results are consistent with the theoretical predictions by Foley [2] that the spectrum 
of the light is blue shifted at on-axis point due to source correlation as the 
correlation length on the circular aperture is much less than the diameter of the 
aperture. In our experimental setup the effective correlation length of light at plane 
II was of the order of 130 pm. Other experimental conditions remaining the same, 
the circular aperture was replaced by an annular aperture of s = 0.9. The spectrum 
of the light emerging from the annular aperture was measured at the same on-axis 
point in the far- zone. The spectral distribution of light is shown by curve C in Fig. 
2.3. It is observed that the spectrum is blue shifted by 0.1 nm which is also 
consistent with the theory. 

In order to study the dependence of spectral shift on central obstruction, we 
made on-axis measurements with different annular apertures under same 
experimental conditions. The variation of the spectral shift AX with s = 0.40, 0.52, 
0.60, 0.77 and 0.90 for the interference filter having peak wavelength at 534 nm is 
depicted in Fig. 2.4 which shows that the spectrum is blue shifted in each case with 
different magnitudes. It is also evident from Fig. 2.4 that on increasing the central 
obstruction, Le. on increasing s for annular apertures, the magnitude of blue shift 
decreases. In other words for larger obstructions the spectrum of the light tends 
towards the spectrum of the source. The experiments were repeated under similar 
experimental conditions with different interference filters and similar results were 
obtained. 
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Fig. 2.4 Variation of spectral shift AX with s (=b /a) for a fixed value 
a/ L s 2.52 for on- axis measurements. 

2.2.2 Off-axis measurements 

The spectral measurements for off-axis points very close to the on-axis 
points were made in a manner similar to the on-axis measurements. The spectrum 
of the source was first measured in the absence of any aperture in plane 13 and is 
shown by curve A in Fig. 2.5. This spectrum was found to be the same as in the 
case of on-axis measurements. The circular aperture of radius 328 pm was then 
placed in plane II without disturbing the alignment of the experimental setup and the 
spectrum was measured in the far- zone and at an off-axis point. The spectrum was 
red shifted with respect to the source spectrum by 0.4 nm and is shown by curve B 
in Fig. 2.5. This experimentally observed redshift was also consistent with the 
theoretical calculations [2]. We repeated the experiment by replacing the circular 
aperture by the same annular apertures which were used in the case of on-axis 


X'tTX 
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Fig. 2.5 Far-field spectrum at off- axis point. Curve A-source spectrum. 
Curve B-the spectrum when circular aperture was introduced in plane EL 
Curve C-the spectrum when annular aperture of central obstruction s = 0.9 
introduced in plane II. 

s = 0.90, and the spectrum was measured at an off-axis point, it was found red shift 
with respect to the source spectrum by 0.8 nm. The spectral distribution in this case 
is shown by curve C in Fig. 2.5. We see that in this case the spectrum is shifted 
more toward the red end of the electromagnetic spectrum than the red shift 
observed in the case of circular aperture. In this case also, to study the dependence 
of spectral shift on the ratio of central obstruction of the annular aperture, we 
repeated this experiments for various annular apertures of different sizes which we 
used in the on-axis measurements. The measurements were made in each case in the 
far-zone at off-axis point. The spectrum was found red shifted in each case by 
different magnitudes. The magni tude of the red shifts observed in these cases were 
0.4, 0.5, 0.7, and 0.9 nm for e = 0.4, 0.52, 0.6, 0.77 and 0.90, respectively. The 
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Fig. 2.6 Variation of spectral shift AX with s ( = b/a ) for a fixed value 
a/L = 2.52 for off-axis measurements. 

variation of the red shift AX with the ratio of central obstruction is shown in Fig. 
2.6. From this figure it is seen that the magnitude of the red shift increases on 
increasing of central obstruction. 

Thus this study shows that at off-axis point the spectrum of the light is red 
shifted while in the case of on-axis it is blue shifted. The experiment was repeated 
with different filters and spectral shifts of s imilar nature were observed. 

§2.3 Discussion 

In these experiments the spectral shift (blue shift) observed with circular 
aperture for on-axis measurements is due to the violation of the quasi-homogeneous 
nature of the source at plane II [2]. A quasi-homogeneous source is one in which 
(i) the intensity distribution is nearly constant, i.e. it is a slow function of -nocttion 
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while the degree of spectral coherence is a fast function of the difference between 
the two points over the source plane, (ii) the linear dimension of sources is much 
larger than the correlation length of the source, (iii) linear dimension of the source is 
much larger than the wavelength and (iv) the correlation length is of the order of 
wavelength of the light. In this particular study the correlation length is about two 
orders of magnitude higher than the average peak wavelength of the radiation. 
Since the radius of the circular aperture is much larger than the correlation length of 
the light in plane II, the observed shift is due to source correlation and not because 
of diffraction. In fact, diffraction effects are observed only when the light field is 
fully coherent over an aperture. 

In the case of annular apertures when the central obstruction s is less than 
0 . 6 . the source formed in the annular region violates the quasi-homogeneous 
condition. Therefore, the observed spectral shift is largest when s is the smallest 
and its magnitude decreases as s increases. When the value of s is greater than 0.6, 
the dimension of the opening of the annular ring becomes either equal to or less than 
the effective correlation length. Therefore the field over the secondary source plane 
EE becomes effectively coherent. The observed shift in the cases when s > 0.6 is 
very small because the shift observed in this case will be essentially due to 
diffraction and the shift produced due to diffraction is quite small. Therefore, the 
observed spectrum is very close to the spectrum obtained when no aperture is put at 
plane EL 

In the case of off-axis measurements, the spectral shift observed is towards 
red end of the electromagnetic spectrum. As the solid angle formed by the 

coherence area in plane II is proportional to the square of the peak wavelength, 

£ 

higher wavelengths will therefore be distributed more towards off-axis points. The 



redshift will be more in the peak wavelengths with increase in the central 
obstruction. As the opening of the annular ring decreases, the annular aperture 
source lies more towards off-axis points. Therefore red shift observed is maximum 
when s = 0.9. 

§2.4 Conclusion 

It is observed that the experimentally observed shift is comparatively larger 
than the theoretically expected shift for the parameters used in the experiments. It 
may be noted that one of the most important devices in these measurements is the 
monochromator. We have studied the coherence properties of monochromator and 
the results are reported in the last chapter. On the basis of our studies we are 
convinced that the coherence of the monochromator plays an important role in the 
observed spectral shift. 
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Chapter 3 


Space-frequency equivalence principle in a laboratory 
version of Michelson’ s stellar interferometer 


One of the best known experiments in elementary physics, to support the 
wave theory of light, is the double slit interference experiment first described by 
Thomas Young [1], An alternative experimental arrangement of Young's 
interferometer was later introduced by Michelson for determining the angular 
diameters of stars [2]. Schematics of the Michelson’s stellar interferometer are 
reproduced in Fig. 3.1. Interference fringes are formed at the observation plane by 
putting two slits at Pi and P 2 which form Young’s double slit. The blurring of the 
interference fringes in the observation plane is dependent on the variation of the 
phase difference between the light arriving at two slits from various points on the 
source plane, which can be done by varying the separation of the mirrors at M and 
M'. For determining the angular diameter of stars, Michelson moved the mirrors M 
and M' (see fig. 3.1) for changing the visibility of the interference fringes. By 
determining the first zero in the visibility curve on the scale of mirror separation 
(also known as the baseline length) the angular diameter of the star (a) was 
determined using the relation a =1.22X1 L where L is the separation of the mirrors M 
and M' for which the fringes disappear and X is an effective wavelength which 
depends on the wavelength distribution of the intensity of light. 
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Fig. 3.1 Schematics of Michelson’s stellar interferometer. 

Zernike [3] theoretically provided linkage between the works of Young and 
Michelson and revealed more subtle features of light, namely its spatial coherence 
properties(i.e. partial coherent light). The concept of partial coherence was further 
investigated experimentally by Thompson and Wolf [4]. Later Michelson’s 
technique formed the basis for interferometric imaging which is one of the most 
powerful imaging methods currently employed by radio astronomers [5]. In this 
technique multiple-element interferometers are used for synthetic aperture imaging 
where a large portion of the incident field is filtered out by a detection system to 
enable a narrow frequency band to form spatial interference fringe pattern for 
several baseline lengths. The complex degree of coherence of the field produced by 
a distant radio source is measured simultaneously in space-time domain and the 
intensity distribution across astronomical sources (which are assumed to be 
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essentially spatially incoherent) is determined using classical results of the coherence 
theory based on van Cittert-Zemike theorem [6], 

Until recently interference experiments with broad-band light were not well 
understood as their quasi-monochromatic counterparts because in a double slit 
interference experiment with a broad-band radiation, no spatial fringes are formed 
but spectral interference fringes are produced. However, it has been shown that the 
spatial coherence properties of broad-band light incident upon a pair of pinholes 
may significantly modify the spectra in the form of shifting the center frequency or 
producing modulations in the spectra of light in the region of superposition [7,8], 
The phenomenon of producing spectral interference fringes with spatially partially 
coherent light has received more attention because such spectral changes and the 

modulations suggest a novel method for determining the spatial coherence 
properties of light, i.e. the degree of spectral coherence jp 12 (co)j from spectroscopic 

methods [7-12], In many cases of interest, the degree of spectral coherence of the 
field in the far-zone of a radiating source obeys the so called space-frequency 
equivalence principle [13,14], This principle allows a trade off between the 
frequency and the distance of separation of pinholes also known as the baseline 
length [13-15], Experimental support to the space-frequency equivalence principle 
under the laboratory conditions has already been provided by measuring the degree 
of spectral coherence from the spectral changes caused due to spatial coherence 
produced by the radiating source at the plane of Young’s double slit- This 
information has been utilized to dete rmin e intensity distribution across the source 
and the angular separation of pair of sources [16,17], 

In this chapter a method is proposed for determining the ang ular size of a 
source by making use of space-frequency equivalence principle in a laboratory 
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version of Michelson’s stellar interferometer. Spectral measurements over a broad 

frequency range are taken for a single baseline length, i.e. for fixed minor 
separation. It is shown that the degree of spectral coherence p ;: (n) , obtained 

from the measurements of spectral changes produced due to the correlation existing 

between the sources formed over the plane of the light collecting mirrors*, agrees 

with its theoretically expected values from the experimental parameters used in van 

Citter-Zemike theorem. From the zeros of the degree of spectral coherence 
jp 12 (©)|in the frequency scale, the angular size of the source is calculated. The 

angular size of the source thus determined matches closely with the value obtained 
from the experimental parameters. This method has the potential of providing a 
quick and simple technique for determining the angular size of distant sources. 

§3.1 Theory 

It was shown by Mandel and Wolf [ 18 ] and later explicitly by James and 
Wolf [7], that in Young’s double slit experiment, shown in Fig. 3,2, the spectral 
interference law for the light beams at any state of coherence is given by 

S(P, a) = 5 {1) (P.0)+3' (2) (P,ffl) 

+2^ 1) (P,q)^ (2) (P,q)!p 12 (co)!cos[o(/2, - R x )jc - (3 12 (©)] , (3. 1) 

where S(P, a) is the superposed spectrum at point P in the observation plane. 
S *(P,o) is the spectrum from one of the pinholes Pi when the other pinhole at Pj 
is closed and ,a) has a similar meaning with regards to the pinholes at P 2 . R-i 

and R .2 are the distances of point P in the plane of observation from Pi and P 2 
respectively. |m 2 (a)| is the modulus of the spectral degree of the coherence of the 

radiation produced at the two pinholes, Le. over the plane of the double slit. p 12 (a) 
is the phase of the spectral degree of coherence p 12 (a) and © is the angular 
frequency of the radiation. 



51 




Fig. 3.2 Notation illustrating a quasi-homogeneous extended source 
illuminating the Young's double slit in its far-zone and the plane of 
observation in the far-zone of Young's double slit. 


James and Wolf [13] by using the second reciprocity relation of Carter and 
Wolf [19] have shown that the degree of spectral coherence produced by a quasi- 
homogeneous secondary source can be given as 




5 (0) (£b/r,co) 
S (O, (0.co) ' 


(3 2) 


where 

5 ( 0 ) (K,©) = S ( 0 ) (p,o)y K ' p <f 2 p . 


(3.3) 


In Eqs. (3.2) and (3.3) the parameter K is equal to Jcb/i , b is the separation 

between the two pinholes at Pi and P 2 and for the present experiment b will be 
replaced by L [the main aim of this study is to see the variation of the degree of 
correlation with frequency produced over the planes of the outer mirrors of the 
interferometer (M and M’ in Fig. 3.1 and M 3 and M 4 in Fig. 3.3) and by making a 
trade off between the mirrors’ separation and the frequency , the angular diameter 
of the source will be determjjD^d]^ 311 t ^ stance fr° m source point O to the 



plane of the pinholes and is assumed to be perpendicular to plane of the pinholes. 
S (ot (p,co) is the spectral density at some typical point O on the source plane, k is the 

wave number associated with the angular frequency © and u is the unit sector in the 

direction of r . 

If the secondary quasi-homogeneous source is in the form of an infinitely 
long rectang ular slit along y axis but of opening a along x axis, the spectral density 
5 to| (p,co) for such a source can be written as 

5 ,0) (p,(n) = 5 (0, (co>(x), (3 4) 


where ^ 0, (©) is assumed to be same for all point on the secondary source and 

/(x) = rect\x/a\ = 1 for |x| < a/2 

= 0 for jxj > a/2 . 


On substituting from Eq. (3.4) into Eq.(3.3) we get 

5< 0) (K,o) _ sin(aK, 2) 

S {0) ( 0,o) aK 2 


On substituting Eqs. (3.5) and (3.2) into Eq. (3.1) and assuming that u-b = 0 (i.e. 
plane of Young’s double slit is perpendicular to the axis of the source), it can be 
shown that 


S(P,<o) = 5 {1) (P,©)+5 (2 )(P,ffl) 

+2^js {l \p,m)^S i2) (P,o) 


sin 


aob/ 


'■'2cr) 


I (*%, r) 


cas[©(i^-/^)/c+P 12 (©)] , (3.6) 


where c is the velocity of light, casj©(i? 2 _ -^)/ c ] is due to ofif-axis measurement 


which is a fast varying function of frequency ©, however for on axis measurements 
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cas[co (P 2 “ )/ c ] can put equal to 1, (3 12 (cd) will be 0 or k if the source is placed 

symmetrically with respect to Pi and P 2 . Equation (3.6) can be also written in the 
form 

S(P.n) = co) + S i2) (P, co) + 2^5 (1) (P,o)^ {2, (/ 5 ,©)|li 12 (<a)| , (3.7) 


where 



(3.8) 


For an experimental setup shown in Fig. 3.3 where the correlation is developed over 
the outer mirrors M 3 and M* of the interferometer, in Eq. (3.8) b has been replaced 
by L which is the distance between the mirrors M 3 and M 4 and Eq. (3.8) changes to 



(3.9) 


§3.2 Experimental procedure and results 

The schematic of the experimental setup which is a laboratory version of 
Michelson’s stellar interferometer is shown in Fig. 3.3. A 750 Watt tungsten 
halogen lamp operated by highly stabilized (1 part of 10 4 ) d.c. power supply 
alongwith a transmitting ground glass diffuser (D) was used to illuminate uniformly, 
symmetrically and incoherently a rectangular slit which forms a quasi-homogenous 
secondary source. The width a of this rectangular slit was 1.2 mm It is a well 
known fact that spatial coherence is developed during propagation of radiation and 
the coherence area depends on the square of the distance of the field plane from the 
source plane. In order to increase the distance of the plane of the light collecting 
mirrors from the source, we folded the beam of light at very small angles at plane 
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Fig. 3.3 Schematics of the experimental setup used in Laboratory version 
of Michelson s stellar interferometer for observing spectral changes. 

S - source, D - diffuser, A - aperture. Mi, M2, M3 and M4 - plane mirrors. 

Mr - rectangular mirror prism, DS - double slit. M - monochromator and 
DP - data processing unit. 

mirrors M x and M 2 of very good reflectivity and a large distance of 4.5 m was 
achieved. The light was made incident on two light collecting mirrors M 3 and M, 
which are also referred as the outer mirrors of the interferometer. The first area of 
coherence and radius of coherence produced by the source of size = 1.2 mm over 
the plane mirrors for average wavelength of 600 nm are 5.06 mm 2 and 2.25 mm 
respectively. To achieve the separation of 2.25 mm we need very thin mirrors . 
With the help of very thin mirrors the average distance between the mirrors M 3 and 
M4 was put * 2.9 mm for one set of measurements and * 2.7 mm for another set of 
measurement with the help of micrometers so that we can have access to the second 
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area of coherence. The light reflected by M3 and M 4 was made incident on a 
rectangular mirror Mr with its the silvered surfaces (each surface having width of 
approximately 1.5 mm) facing M 3 and M4. The light reflected from Mr was made 
incident on a Young’s double slit DS which was aligned parallel to the source plane 
The separation between Pi and P 2 is approximately 1 mm. Care was taken that the 
radiation collected by mirror M 3 falls on the slit at Pi and that by M 4 falls on the slit 
at P 2 so that the degree of correlation between Pi and P 2 is the same as that between 
M 3 and M 4 The spectra of radiation were recorded in the far- zone of DS when one 
of the slits at Pi was open and the other one at P 2 was kept closed and vice versa 
The spectrum of the superposed radiation was recorded when both the slits of the 
DS were open. The instruments used and experimental procedure for measuring the 
spectra have been described in chapter two. 

Keeping the separation of the Young’s slits and also the separation of the 
mirrors M 3 and M 4 fixed, spectroscopic measurements of the radiation were made 
for on- axis point of observation. The spectra shown in Fig. 3.4 correspond to L = 
2.9 mm and that shown in Fig. 3.5 correspond to L = 2.7 mm respectively. These 
spectra show a dip because the spectra are the product of the spectral response of 
the source, response of the grating and also the response of the detector. In these 
figures, curve A shows the spectrum when one of the slits (at Pi) in DS was open 
and other one (at P 2 ) was closed and curve B is the spectrum when the slit at Pi was 

Keeping the separation of the Young’s slits and also the separation of the 
mirrors M 3 and MU Jixed, spe ctroscopic measurements of the radiation were made 
for on-axis point of observation. The spectra shown in Fig. 3.4 correspond to L = 
2.9 mm and that shown in Fig. 3.5 correspond to L = 2.7 mm respectively. These 
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Fig. 3.4 Far- field spectrum at on-axis observation point when a = 1.2 mm. 
L = 2.9 mm and r = 4.5 m. Curve A is the spectrum radiated when slit P : 
was open and slit P 2 was closed. Curve B is the spectrum when slit P 2 was 
open and slit Pi was closed. Curve C is the superposed spectrum when both 
the slit were open. Dotted curv e D is the summation of curves A and B. 


spectra show a dip because the spectra are the product of the spectral response of 
the source, response of the grating and also the response of the detector. In these 
figures, curve A shows the spectrum when one of the slits (at Pi) in DS was open 
and other one (at P 2 ) was closed and curve B is the spectrum when the slit at Pj was 
closed and the one at P 2 was kept open. Curve C is the spectrum of the superposed 
radiation, ie. when both the slit at Pi^ and P 2 were kept open. Curve D was 
computed as the sum of intensities obtained for curve A and curve B. A look at 
Figs. 3.4 and 3.5 reveals that the intensity of the spectral distribution from 
individual slits of the Young’s double slit (curve A and curve B) are nearly identical, 
while the magnitude and the spectral distribution in the superposed spectrum (curve 
C) is modified due to correlations existing between the source at Pj and P 2 of the 






Wavelength (nm) 

Fig. 3.5 Far- field spectrum at on-axis observation point when a = 1.2 mm. 
L = 2.9 mm and r = 4.5 m. Curve A is the spectrum radiated when slit Pi 
was open and slit P 2 was closed. Curve B is the spectrum when slit P 2 was 
open and slit Pi was closed. Curve C is the superposed spectrum when both 
the slit were open. Dotted curve D is the su mm ation of curves A and B 


double slit or more precisely between the mirrors M 3 and M 4 . This can also be seen 
by comparing curve D with curve C in the Figs. 3.4 and 3.5. 

The spectral data shown in Fig. 3.4 obtained experimentally were used to 
calculate the degree of spectral coherence [p. 12 (<n)| using Eq. (3.7). The values of the 

degree of spectral coherence thus determined are shown in Fig. 3.6 by solid dots 
with error bars. The theoretical values of degree of spectral coherence were 
obtained for the experimental parameters a = 1.2 mm, r = 4.5 m, L = 2.9 mm and 
R 2 -Ri = 0 using Eq. (3.9) and the curve is shown in Fig. 3.6 by a solid line. The 
same process was repeated to get the values of the degree of spectral coherence 
from the spectral data shown in Fig. 3.5 and also the theoretical values for 
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a = 1.2 mm r = 4.5 m, L = 2.7 mm and R2-R1 = 0. The experimental and theoretical 
values of the degree of spectral coherence are shown in Fig. 3.7. The 
experimentally determined values are in good agreement with the theoretical values 
within experimental errors. 

§5.3 Discussion 

In the experiments conducted in this study, we kept the separation of the 
light collecting mirrors M 3 and M4 fixed. The spectra of the radiation from 
individual slits of DS and their superposed spectra were recorded. From the 
spectral data, the degree of spectral coherence was calculated using Eq. (3.7). Thus 
we have made use of the new interferometric- equivalence principle that measuring 
the complex degree of coherence over several base line lengths (mirror separation) 





CO (ioV) 

Fig- 3.7 Variation of degree of spectral coherence with frequency. Solids 
dots with error bars are the values obtained experimentally from the spectral 
distributions shown in Fig. 3.4. Solid curve is the theoretically expected 
curve using experimental parameters a = 1.2 mm, L = 2.7 mm and r = 4.5m. 


from the visibility of the interference fringes obtained by filtering the incoming 
radiation to obtain a narrow-band radiation is equivalent to measuring the degree of 
spectral coherence over a fixed baseline length (mirror separation) for large 
frequencies using broad-band radiation. One important point to note in this study, 
unlike in conventional methods, no radiation is lost due to prior filtering. 

The degrees of spectral coherence calculated using Eq. (3.7) from spectral 
measurements shown in Figs. 3.4 and 3.5 and the theoretically expected results for 
two sets of experimental parameters (/) a = 1.2 mm, r = 4.5 m, L = 2.9 mm, RrRi 
= 0 and (ii) for a = 1.2 mm, r = 4.5 m, L = 2.7 mm, R 2 -Ri = 0 using Eq. (3.9) are 
shown in Figs. 3.6 and 3.7 respectively. These figures show clearly the agreement 
between the theoretically expected results and the experimental results for degree of 
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spectral coherence obtained from spectroscopic measurements within experimental 
errors. The factors which may contribute to measurement uncertainties are (a) the 
difference in the widths of the light images formed by mirrors M< and Mj which 
were incident on the Young’s double slit, (b) the difference in the reflectivities of 
the mirrors used in the experiment, (c) the Young’s double slit was placed 
symmetrically in front of the rectangular mirror Mr and also with respect to the 
plane containing the rectangular slit A, (d) the nonlinearity of detector (though the 
detector used is a photomultiplier with a GaAs surface as its cathode has a flat 
response in the visible region of electromagnetic spectrum) and (e) the electronics of 
the data acquisition and processing system. With all these factors considered, the 
measured value of the degree of spectral coherence would show some scatter for 
repeated spectral measurements. For a few measurements, the scatter in the 
experimental values for the degree of spectral coherence is shown as error bars 
while the average value is shown by solid circles in Figs. 3.6 and 3.7. 

The values of the frequencies for which the degree of spectral coherence 
becomes zero in the frequency scale were obtained from Figs. 3.6 and 3.7. 

A look at Figs. 3.6 and 3.7 reveals that the product of coL (<a is the frequency for 
which |pi 2 (o)| is zero and L is the base line length) comes out to be the same. From 

the information of these frequencies the angular size (a/r) of the source was 
j sitil ^ 

determined putting the value of |p 12 (co)| = = o or (<•%) = „ (where 

/2cr 

n is an integer). The mean value of the angular size comes out to be 2.46x10"* 
radians, which is very dose to 2.6x10- radians obtained from the experimental 
parameters a = 1.2 mm and r - 4.5 m and also the average value of a = 1.22UI 

gives the average angular size equal to 2.6xl0 J radians for average L-2.8 mm and 
average wavelength Of 600 nm. 
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§3.4 Conclusion 

In this chapter we have determined angular size of a source by calculating 
the degree of spectral coherence over the planes of the light collecting mirrors of a 
laboratory version of Michelson’s stellar interferometer from spectroscopic 
measurements. It is shown that one can get the angular separation of a source by 
very simple and quick spectral measurements over a fixed base line length. This 
approach of obtaining the degree of spectral coherence from spectral measurements 
over a fixed base line length may replace the conventional methods which are used 
at present to determine the size of stellar objects from measurements of visibility of 
interference fringes over several base line lengths by filtering the incoming radiation. 
Thus one may overcome the complications arising in the conventional experiments 
due to moving of the mirrors or using arrays of detecting systems. 
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Chapter 4 


Reconstruction of optical source-profile from spectral 
measurements in Young’s interference experiment 


In a two beam interference experiment, specially in Young’s interference 
experiment, it has been shown that the spatial coherence of the wavefield leads to 
spectral changes and measurement of on-axis spectrum provides information about 
the spectral degree of coherence of the light over the pinholes [1-3]. It has also 
been shown that the degree of coherence produced in the far-zone of a globally 
incoherent source is proportional to the spatial Fourier transform of the spectrum of 
the source [4-5], For a source whose normalised spectrum is independent of the 
position, one can reconstruct the source- intensity distribution by making Fourier 
inversion of degree of spectral coherence determined from on-axis spectral 
measurements at all frequencies in a fixed-baseline Young's interference experiment. 
In practice, complete reconstruction is not possible with such a fixed-baseline 
interferometer because of the finite radiation bandwidth of conventional (optical) 
sources. 

In this chapter, the reconstruction of optical source-profile from spectral 
measurements in Young’s interference experiment is described. Experimental 
results are discussed with modifications for overcoming the drawback that are 
encountered due to experimental limit ation of the spectra obtained for sources 
radiating at optical and near-infrared frequencies. 




Wavelength (nm) 


Fig. 3.4 Far- field spectrum at on-axis observation point when a - 1.2 mm, 
L = 2.9 mm and r = 4.5 m. Curve A is the spectrum radiated when slit P ; 
was open and slit P 2 was closed. Curve B is the spectrum when slit P 2 was 
open and slit Pi was closed. Curve C is the superposed spectrum when both 
the slit were open. Dotted curv e D is the summation of curves A and B. 


spectra show a dip because the spectra are the product of the spectral response of 
the source, response of the grating and also the response of the detector. In these 
figures, curve A shows the spectrum when one of the slits (at Pi) in DS was open 
and other one (at P 2 ) was closed and curve B is the spectrum when the slit at Pi was 
closed and the one at P 2 was kept open. Curve C is the spectrum of the superposed 
radiation, ie. when both the slit at Pi and P 2 were kept open. Curve D was 
computed as the sum of intensities obtained for curve A and curve B. A look at 
Figs. 3.4 and 3.5 reveals that the intensity of the spectral distribution from 
individual slits of the Young’s double slit (curve A and curve B) are nearly identical, 
while the magnit ude and the spectral distribution in the superposed spectrum (curve 
C) is modified due to correlations existing between the source at Pi and P 2 of the 
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Wavelength (nm) 

Fig. 3.5 Far-field spectrum at on-axis observation point when a = 1.2 mm. 
L = 2.9 mm and r = 4.5 m. Curve A is the spectrum radiated when slit Pi 
was open and slit P 2 was closed. Curve B is the spectrum when slit P 2 was 
open and slit Pi was closed. Curve C is the superposed spectrum when both 
the slit were open. Dotted curve D is the summation of curves A and B. 


double slit or more precisely between the mirrors M 3 and M4. This can also be seen 
by comparing curve D with curve C in the Figs. 3.4 and 3.5. 

The spectral data shown in Fig. 3.4 obtained experimentally were used to 
calculate the degree of spectral coherence ||i. 12 (co)| using Eq. (3.7). The values of the 

degree of spectral coherence thus determined are shown in Fig. 3.6 by solid dots 
with error bars. The theoretical values of degree of spectral coherence were 
obtained for the experimental parameters a = 1.2 mm, r = 4.5 m, L = 2.9 mm and 
R 2 -Ri = 0 using Eq. (3.9) and the curve is shown in Fig. 3.6 by a solid line. The 
same process was repeated to get the values of the degree of spectral coherence 
from the spectral data shown in Fig. 3.5 and also the theoretical values for 




58 



a - 1.2 mm, r = 4.5m,L = 2.7 m m and R 2 -Ri = 0. The experimental and theoretical 
values of the degree of spectral coherence are shown in Fig. 3.7. The 
experimentally determined values are in good agreement with the theoretical values 
within experimental errors. 


§3.3 Discussion 

In the experiments conducted in this study, we kept the separation of the 
light collecting mirrors M3 and M4 fixed. The spectra of the radiation from 
individual slits of DS and their superposed spectra were recorded. From the 
spectral data, the degree of spectral coherence was calculated using Eq. (3.7). Thus 
we have made use of the new interferometric- equivalence principle that measuring 
the complex degree of coherence over several base line lengths (mirror separation) 
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Fig. 3.7 Variation of degree of spectral coherence with frequency. Solids 
dots with error bars are the values obtained experimentally from the spectral 
distributions shown in Fig. 3.4. Solid curve is the theoretically expected 
curve using experimental parameters a = 1.2 mm L = 2.7 mm and r = 4.5m. 


from the visibility of the interference fringes obtained by filtering the incoming 
radiation to obtain a narrow-band radiation is equivalent to measuring the degree of 
spectral coherence over a fixed baseline length (mirror separation) for large 
frequencies using broad-band radiation. One important point to note in this study, 
unlike in conventional methods, no radiation is lost due to prior filtering. 

The degrees of spectral coherence calculated using Eq. (3.7) from spectral 
measurements shown in Figs. 3.4 and 3.5 and the theoretically expected results for 
two sets of experimental parameters (/) a = 1.2 mm, r = 4.5 m, L = 2.9 mm, R 2 -R 1 
= 0 and (//') for a = 1.2 mm, r = 4.5 m, L = 2.7 mm, R 2 -R 1 = 0 using Eq. (3.9) are 
shown in Figs. 3.6 and 3.7 respectively. These figures show clearly the agreement 
between the theoretically expected results and the experimental results for degree of 
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spectral coherence obtained from spectroscopic measurements within experimental 
errors. The factors which may contribute to measurement uncertainties are (a) the 
difference in the widths of the light images formed by mirrors M? and M 4 which 
were incident on the Young’s double slit, (b) the difference in the reflectivities of 
the mirrors used in the experiment, (c) the Young's double slit was placed 
gym metric ally in front of the rectangular mirror Mr and also with respect to the 
plane containing the rectangular slit A, (d) the nonlinearity of detector (though the 
detector used is a photomultiplier with a GaAs surface as its cathode has a flat 
response in the -visible region of electromagnetic spectrum) and (e) the electronics of 
the data acquisition and processing system. With all these factors considered, the 
measured value of the degree of spectral coherence would show some scatter for 
repeated spectral measurements. For a few measurements, the scatter in the 
experimental values for the degree of spectral coherence is shown as error bars 
while the average value is shown by solid circles in Figs. 3.6 and 3.7. 


The values of the frequencies for which the degree of spectral coherence 
||i i: (©)| becomes zero in the frequency scale were obtained from Figs. 3.6 and 3.7. 


A look at Figs. 3.6 and 3.7 reveals that the product of ©L (© is the frequency for 
which jp 12 (©)| is zero and L is the base line length) comes out to be the same. From 


the information of these frequencies the angular size ( a/r ) of the source was 
determined putting the value of ||i 12 (©)| = — J^4 2cW = 0 or ( ae %. c ) = n71 ( where 


aoL 
/ 2cr 


n is an integer). The mean value of the angular size comes out to be 2.46x1 (T* 
radians, which is very close to 2.6X10 -4 radians obtained from the experimental 
parameters a = 1.2 mm and r = 4.5 m and also the average value of a = 1.22X/L 
gives the average angular size equal to 2.6x1c 4 radians for average L=2.8 mm and 
average wavelength Of 600 nm. 
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§3.4 Conclusion 

In this chapter we have determined angular size of a source by calculating 
the degree of spectral coherence over the planes of the light collecting mirrors of a 
laboratory version of Michelson’s stellar interferometer from spectroscopic 
measurements. It is shown that one can get the angular separation of a source by 
very simple and quick spectral measurements over a fixed base line length. This 
approach of obtaining the degree of spectral coherence from spectral measurements 
over a fixed base line length may replace the conventional methods which are used 
at present to determine the size of stellar objects from measurements of visibility of 
interference fringes over several base line lengths by filtering the incoming radiation. 
Thus one may overcome the complications arising in the conventional experiments 
due to moving of the mirrors or using arrays of detecting systems. 
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Chapter 4 


Reconstruction of optical source-profile from spectral 
measurements in Young’s interference experiment 


In a two beam interference experiment, specially in Young’s interference 
experiment, it has been shown that the spatial coherence of the wavefield leads to 
spectral changes and measurement of on-axis spectrum provides information about 
the spectral degree of coherence of the light over the pinholes [1-3], It has also 
been shown that the degree of coherence produced in the far-zone of a globally 
incoherent source is proportional to the spatial Fourier transform of the spectrum of 
the source [4-5]. For a source whose normalised spectrum is independent of the 
position, one can reconstruct the source-intensity distribution by making Fourier 
inversion of degree of spectral coherence determined from on-axis spectral 
measurements at all frequencies in a fixed-baseline Young's interference experiment. 
In practice, complete reconstruction is not possible with such a fixed-baseline 
interferometer because of the finite radiation bandwidth of conventional (optical) 
sources. 

In this chapter, the reconstruction of optical source-profile from spectral 
measurements in Young’s interference experiment is described. Experimental 
results are discussed with modifications for overcoming the drawback that are 
encountered due to experimental limitation of the spectra obtained for sources 
radiating at optical and near-infrared frequencies. 
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§4.1 Theory 






Pi. 

- i 

b 


G 

s 

G 


P 2 : 

Y 


0 


Fig. 4.1 Notation specifying various planes and distance in the setup of 
amplitude grating masked Young’s double slit interference experiment. 
S - source plane, G - amplitude grating mask, Y - Young double slit 
plane (Pi and P 2 are pinholes), t| and b - the spatial frequency vector of 
the mask (grating) and pinhole separation vector, respecthely. 


Let us consider, for example, an arrangement shown in Fig. 4.1. The 

spectrum analyzer located on-axis in the observation plane O measures the 
superposed spectrum S(c o) of the radiation from Young’s pinholes/slits, and single 

slit spectrum S^(co) produced by light that has passed through pinhole Pi when P 2 
is closed and ^’(o) when P 2 open and Pi closed. The spectral degree of 

coherence, ^12(0), of the light at the two pinholes/ slits in plane Y can be given by 
the formula [1] 


fk{pi 2 (o)} 


2^(0 )S^(o) 



(4.1) 
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where Re denotes the real part. If the source a in plane S has the same normalized 
spectrum at every source point p, then 

/ (0) (p) = Js ( 0 , (p,ci>)fo (4.2) 

o 


denotes the spatial distribution of the optical intensity across the source. The 
spectral degree of coherence, between the light field at pinholes 1 and 2 in Young's 
plane Y lying in the far zone of a secondary globally incoherent, quasi-homogeneous 
source, is proportional to the spatial Fourier transform of the spectrum of the source 
which in turn is proportional to the Fourier transform of the intensity distribution 
across the source, is given by the formula [4,5] 



(4.3) 


where b is the vector normal to the z axis, pointing from pinholes Pi to P 2 , r is the 
distance from the source plane S to the pinholes plane Y, k=o/c, is the 

wavenumber associated with frequency co and 

7 (0) (f ) = /( ° ) ( p ) ex P(~ l{ ■ pKp • ( 4 - 4 ) 


If it is assumed that the source intensity is rotationally symmetric about z-axis, then 
the Fourier transform of /^(f)is real and depends only on the magnitude / = |f|. 

On inverting Eq. (4.4) and putting Eq. (4.3) into Eq. (4.4) we get 

7 (0) (p) = 7 (0) (0)J \L n {®)exp(ii -p)d 2 f (4.5) 

o 


where 


f — kb/r = (ob/cr . 


(4.6) 



Hence by determining the degree of spectral coherence over the plane of Young's 
slits from spectral measurements, one can reconstruct the source intensity profile 

using Eq. (4.5). 


In the very first experiment conducted to verify space-frequency equivalence 
in coherence theory and also to reconstruct the intensity distribution of a source [6], 
the baseline length 'b' and r were kept fixed. In that experiment, a rectangular slit 
source was illuminated incoherently and symmetrically so that the slit acted like a 
quasi-homogenous source. The spectral degree of coherence over the double slit 
plane was determined from the measurements of the superposed spectrum and 

single slit spectrum S^(co) (/ = 1,2 referring to pinholes Pi or P : ) and it was found 

to be in close agreement with that obtained by applying the generalised form of van 
Cittert-Zemike theorem at the far-zone a quasi-homogeneous source [as there was a 
prior knowledge of the source intensity distribution]. Due to the experimental 
limitations the spectra could be recorded only over a finite bandwidth, i.e. in the 
range from op = 2.36xl0 15 s' 1 to <b 2 = 4.71xI0 15 s' 1 (wavelength range from X =0.8 
pm to 0.4 pm). Spectral degree of coherence Pi;<g>) could be determined within 
this frequency range. According to Eq. (4.6), the minimum and the maximum 
accessible (radial ) frequencies of the source intensity distribution were 


and 



(4.7a) 


(4.7*) 


respectively. For optical and near-infrared sources the main problem is that the 
spatial optical frequencies at or near the origin f— 0 of the spatial frequency plane, 
which determine the overall distribution of the source intensity from Eq. (4.5), can 
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not be recovered over such a fixed-baseline interferometer. For these reasons, the 
Fourier inversion of the measured degree of spectral coherence over the accessible 
frequencies can not reconstruct the intensity profile of the source. Therefore in 
reference 6, the source intensity profile was determined indirectly by the 
resemblance of the theoretically expected degree of coherence with that found 
experimentally from spectral measurements. 

It is obvious that better reconstruction of sources-intensity profile is possible 
with sources of wider spectral widths. For an optical source having a temperature T 
= 3000 K which radiates in a spectral range from X = 0.25 pm to 2.5 pm. though 
much wider spectral range can be measured with some experimental difficulty than 
that measured in reference 6, but one can never reach zero spatial frequency. 
Therefore, it is obvious that the filtered intensity reconstruction obtained using Eq. 
(4.5) will bear no resemblance to the actual source intensity. 


Recently, it has been shown theoretically by Friberg and Fischer [7] that by 
placing a deterministic mask with an amplitude transmission function in front of the 
source, it is possible to map the low spatial frequencies of the source intensity onto 
accessible optical frequencies. Consequent, to the above findings access to the zero 
spatial frequency of the source intensity is possible with suitable experimental 
parameters and one can reconstruct the source intensity distribution. It has been 

shown that if a mask having an amplitude transmission function proportional to 
|cos(t| -p)[ where t] is the two dimensional spatial frequency vector of the grating 

(Fig. 4.1), the degree of coherence, p 12 (co), calculated over the two pinholes/slits 

under certain assumption (for details see reference 7) is given by the formula 




+ 7<»(^ + 2n) 

/ (0) (-2il) +2/ (o) (0) +7 <0) (2n) 


(4.8) 
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For nationally symmetric sources that is effectively bandlimited to the 
domain \f\<n, and the source radiates in or is filtered to the frequency range 
to, < co < co 2 and the source intensity distribution also satisfies some more in equality- 
conditions, — - 2T l] which have been described in detad in reference 


7, Eq. (4.8) reduces to 


!%(<») = 



V r 

2/ (OI (0) 


( 4 . 9 ) 


Equation (4.9) shows that a range of spatial frequency components of / (f ) can be 
scanned as co varies from coj to © 2 It has also been shown that q can be chosen in 
such a way that 


9 = 


& 2 b 
2 cr 


( 4 . 10 ) 


and the highest accessible frequency © 2 can be mapped onto zero spatial frequency 
of the source intensity, i.e. f\ = 0. From Eq. (4.9) one obtains pi 2 («) 1 f.ti;(o 2 ) = 
1/2 and Eq. (4.10) helps in choosing the experimental parameters, i.e. q, b and r. 
The highest accessible spatial frequency of the source intensity, for which to, is the 
lower limit, can be determined as 

/ 2 =(A©)— , ( 4 . 11 ) 

cr 

where A© = co 2 - to, . By this method one can access to the (radial) frequencies of 
the source intensity in the range f x = 0 < / < / 2 and the reconstruction of 

the source intensity is then done by using the relation 
/>) = 2rcj* /< 0 >(/) 2o (p/)/rf/ . 


(4.12) 
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In this chapter we have made experimental demonstration of these theoretical 
findings. Source intensity profile is reconstructed from spectral measurements in a 
fixed baseline Young’s double slit experiment. Amplitude transmission gratings of 
different spatial frequencies are used to mask a secondary quasi-homogeneous 
source of known source intensity profile. Double slits of different baseline lengths 
are chosen depending on the requirement of the experiment. Spectral degree of 
coherence produced by a rectangular slit source masked with an amplitude grating is 
determined by making spectral measurements for a fixed-baseline Young’s double 
slit placed in the far-zone of the source. The mask placed over the slit acts as a low 
frequency grating. Spectral measurement are made in the frequency range Oi = 
2.36xI0 15 s' 1 to 02 = 4.71xl0 15 s' 1 (X =0.8 pm to 0.4 pm). The spectral degree of 
coherence over the plane of a double slit is determined by measuring the spectra 
from both the slits and from one of the slits of the double slit. The theoretically 
expected degree of coherence obtained for the experimental parameters is matched 
with the experimental results. The highest radiation frequency is mapped onto zero , t 
spatial frequency of the source intensity and the source intensity profile is j j 
reconstructed by the Fourier inversion of the spectral degree of coherence [cf. Eq. i ; 
(4.12)] t 1 ' 

Op) = 2*Oo)(4.)^ Mp/W ■ (4-13) 

§4.2 Experimental procedure and results 

The experimental setup is shown in Fig. 4.2. S is a 750 W tungsten halogen 
source which is operated with a highly stabilized (1 part in 10 4 ) direct current power 
supply. D is a diffuser which illuminated uniformly and symmetrically an aperture A 
which is in the form of a variable rectangular slit and acts as a globally incoherent 
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Fig. 4.2 Schematics of the experimental setup used. S - source, 

D - diffuser. A - aperture, G - Mask grating, Y - double slit. L - Laser, 

M - monochromator and DP - Data processing unit. 

quasi-homogeneous secondary source. The intensity profile of this aperture is 
reconstructed. The spectral coherence length of a quasi-homogeneous source fo ; ,) 
being approximately equal to the average wavelength of the radiation f8], is 
approximately equal to 0.5 pm in the present case. Just in front of the source an 
amplitude grating with spatial frequency q is put. Care is taken that the masked 
source remains quasi-homogeneous, i.e. the condition that qc g « l is always 
fulfilled otherwise the generalised form of van Cittert-Zemike theorem cannot be 
applied in the far- zone of the rectangular source. For a particular r\, a double slit 
with fixed baseline length b is taken. The distance r between the secondary source 
plane S and double slit plane Y is calculated using the value of T| and b in Eq. 
(4. 10). Since the double slit should lie in the far- zone of the aperture A, of opening 
‘a’, the value of r calculated from Eq. (4.10) must satisfy the condition a<jXr, 
where X is the average wavelength of the radiation. The spectra of the radiation are 
recorded with a SPEX 1404 double grating monochromator coupled with a cooled 
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photomultiplier. To have good signal to noise ratio in the frequency range cdi = 
2.36xl0 15 s' 1 to co 2 = 4.71xl0 15 s’ 1 (A, =0.8 pm to 0.4 pm) two gratings of 1200 
lines/mm with size 110 minx 110 mm blazed at 0.5 pm are used. For on-axis 
positioning of the experimental setup the alignment of the monochromator and the 
optical setup was done with the help of a He-Ne laser fixed at one of the exit slits of 
the monochromator (Fig. 4.2). 

To verify the theoretical results reported in reference 7, we have used a 
rectangular slit of opening a = 0.5 mm rather than a circular disk of diameter 0.5 
mm for intensity consideration. An amplitude grating with r| =31.3 lines/mm and a 
double slit with b = 2.015 mm are used. Putting the values of q, b and co 2 in Eq. 
(4.10), the value of r comes out to be 50.54 cm which also satisfies the far-zone 
condition for the slit taken in the experiment. 

The superposed spectrum 5(a) of the radiation from the double slit (both 
slits open) and the single slit spectra 5^(a) and 5^ 2 *(cd) are recorded when one of 

the slits in plane Y is open and other one closed and vice versa. When the 
spectrometer is properly aligned with the on-axis position of the source and double 
slit, it is found the spectra of the radiation recorded from the each of the slits are 
almost the same (Fig. 4.3). Therefore, the degree of coherence over the plane of 
double slit from these spectral measurements is calculated using Eq. (4.1). 
Experimentally obtained value of degree of coherence at few selected frequencies is 
shown in Fig. 4.4(a) by solid dots along with error bars. 

The spectral degree of coherence p 12 (a) for a rectangular slit of width ‘nr’ 
masked with an amplitude grating of frequency q used in the present experimental 
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(0 (10 1S s' 1 ) 

Fig. 4.3 Far field spectrum at on-axis observation point. .S 4! '(c>) is the 

spectrum radiated when slit Pi was open and slit P 2 was dosed. S * (o ) is 
the spectrum when slit P 2 was open and slit P s was dosed. 5(c)) is the 
superposed spectrum when both the slit were open. 


setup is calculated using Eq. (4.8) which in the case of rectangular slit comes out to 
be 


p 12 (co) = 


f ^ 

sin ~{f + 2t|) 

< 

sir 

\2 f 

■I 

t j 

sin~(f~ 2tj) 

f(/+2r „) 

t( 

i') 

— -j- — * 

2 

[ §(/-*>) | 


( 4 . 14 ) 


The degree of coherence obtained experimentally using Eq. (4.1) is in good 
agreement with the theoretically expected values (solid line curve in Fig. 4.4(a)) 
obtained, for the experimental parameters a =0.5 mm, b = 2.015 mm r = 50.54 cm 
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Fig. 4.4(a) Solid dots with error bars represent the experimental results of degree of 
spectral coherence, |i 12 (c>) obtained from spectral measurements in the frequency 

range ©1 = 2.36xl0 15 s* 1 to © 2 = 4.71xl0 15 s' 1 . Mapping of the experimental points 
(solid dots) are shown by triangles with dots inside. The theoretically expected 
value of M- 12 (co) (solid line curve in the accessible region and by dotted line curve in 
the mapped region respectively )is obtained for the experimental parameters a = 0.5 
mm, b = 2.015 mm, r = 50.54 cm and r\ = 31.3 lines/mm. 


and r| =31.3 lines/mm, using Eq. (4.14). To determine source intensity profile, we 
have mapped the spectral degree of coherence obtained over the accessible 
frequency range such that the highest radiation frequency maps onto the zero spatial 
frequency and the other radiation frequencies to the corresponding low spatial 
frequencies. The mapping of experimental values of degree of spectral coherence at 
selected frequencies is shown by triangles and it is found to be in close agreement 
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Fig. 4.4(b) Solid line curve shows the reconstructed intensity 
^ (p) = 42 (p)// ( ° } (0) - The dotted line curve shows the actual source profile 


with the dotted line curve obtained using Eq. (4.14). It is also noted that 
contribution to p 12 (©)in the accessible frequency range to, * 2.36xl0 15 s' to a > 2 - 

4.7ixI0 15 s' 1 for the selected experimental parameters is mainly due to the last tern 
m Eq. (4.14) as discussed in the previous section [cf. Eq.(4.9)|. The Fourier 
inversion of the mapped degree of coherence in the spatial frequency range from 0 
to f 2 is done by using Eq. (4.13). The reconstructed intensity profile is shown in 
Fig. 4.4(b). The dotted line curve in Fig. 4.4(b) gives the half width of the size of 
al source profile / ^(p). The experiment is repeated for another set of the 

experimental parameters namely a = 0.5 mm, „ - 42.2 lines/mm, ft - 1.25 mm and 
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Fig. 4.5(a) Solid dots with error bars represent the experimental results of degree of 
spectral coherence, M- 12 (co) obtained from spectral measurements in the frequency 

range ccm = 2.36xl0 15 s' 1 to co 2 = 4.71xl0 15 s' 1 . Mapping of the experimental points 
(solid dots) are shown by triangles with dots inside. The theoretically expected 
value of p. 12 (a>) (solid line curve in the accessible region and by dotted line curve in 
the mapped region respectively )is obtained for the experimental parameters a = 0.5 
mm b = 1.25 mm, r = 23.3 cm and rj = 42.2 lines/mm. 


r = 23.3 cm. Typical results for the degree of spatial coherence obtained 
experimentally from the spectral measurements (solid dots with error bars in Fig. 
4.5(a)) match within experimental errors with the theoretically expected degree of 
coherence (solid line curve in Fig. 4.5(a)). The mapping of the experimental value 
of the degree of spatial coherence at highest radiation frequency onto zero spatial 
frequency and the lowest radiation frequency onto fi is shown in Fig. 4.5(a) by 
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Fig. 4.5(b) Solid line curve shows the reconstructed intensity C(p) The dotted 

line curve shows the actual source profile. 

triangles while the theoretically calculated value of the degree of spectral coherence 
(obtained using Eq. (4.14)) is shown by dotted line curve in Fig. 4.5(a). The 
reconstructed intensity is shown in Fig 4.5(b). 

Experiments are also conducted with different sizes of the aperture *a' with 
different values of q, b and r such that r is always in the far zone of the secondary 
source. Experimental results for the degree of spectral coherence and the 
reconstructed intensity obtained with the procedure described above are also shotrn 
in Fig. 4.6 and 4.7. Figures 4.6(a) and 4.6(b) correspond to the degree of coherence 
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Fig. 4.6(a) Solid dots with error bars represent the experimental results of degree of 
spectral coherence. p. 12 (co) obtained from spectral measurements in the frequency 

range g>i = 2.36xl0 15 s' 1 to ©2 = 4.71xl0 15 s' 1 . Mapping of the experimental points 
(solid dots) are shown by triangles with dots inside. The theoretically expected 
value of (J. 12 (©) (solid line curve in the accessible region and by dotted line curve in 
the mapped region respectively )is obtained for the experimental parameters a = 0.28 
mm b = 2.015 mm, r = 50.54 cm and r\ = 31.3 lines/mm. 


and the reconstructed intensity, respectively for a — 0.28 mm , r — 50.54 cm, b 
2.015 mm and n = 31.3 lines/mm. Figures 4.7(a) and 4.7(b) correspond to the 
degree of coherence and the reconstructed intensity, respectively for a = 0.28 mm, r 
= 66.74 cm, b = 2.015 mm and p = 23.7 lines/mm It is found that due to 
experimental limitations in these cases as discussed in the next section the 
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Fig. 4.6(b) Solid line curve shows the reconstructed inten.sit> C ’Ip) Hie dotted 

lme curve shows the actual source profile. 


reconstructed intensity-profile does not match closely 
profile i^(p). 


to the actual source intensity 


§4.3 Discussions 

la this experimental study we have considered the reconstruction of source 
mtenstty profile ofrectangular slit source of varying sires (namely a - 0.5 nun and a 

0.28 mm) usmg a technique suggested by Friberg and Frscher [7], Ihe source is 

masked by appropriate amplitude eratinn a 

° r ^ e gree of spectral coherence 
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03 (10V) 


Fig. 4.7(a) Solid dots with error bars represent the experimental results of degree 
of spectral coherence, ji 12 (co) obtained from spectral measurements in the frequency 

range = 2.36xl0 15 s' 1 to © 2 = 4.71xl0 15 s' 1 . Mapping of the experimental points 
(solid dots) are shown by triangles with dots inside. The theoretically expected 
value of ji, 2 (c£>) (solid line curve in the accessible region and by dotted line curve in 
the mapped region respectively )is obtained for the experimental parameters a = 0.28 
mm, b = 2.015 mm, r = 66.74 cm and r| = 23.7 lines/mm. 
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Fig. 4.7(b) Solid line curve shows the reconstructed intensity ,^(p) The .lotted 

line curve shows the actual source profile. 


produced by the masked source in its far-aone on the plane of Young's double slit is 
determined by making spectral measurements over the optica! frequency region from 
to, - 2.36x10" s" to tor - 4.71x10" s' (X = 0.8 pm to 0.4 pm). It has been found 
experimentally that m almost all the cases the value of the spectral degree of 
coherence 4,3(01) at <m comes close to 1/2 but not equal to 1/2 as expected 
theoretically. This may he due to experimental errors in placemen, of Young’s 
double sKt m front of the masked source on the optics axis. The other factors which 
may contribute to measurement uncertainties are (a) the nonlinearity of detector 
ough rite detector used is a photomultiplier with » GaAs surface as hs cathode 
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has a flat response in the visible region of electromagnetic spectrum) and (b) the 
electronics of the data acquisition and processing system. It is noted that the 
experimental values of degree of spectral coherence obtained using Eq. (4.1) match 
closely to the theoretical expected values of jj. 12 (co) from Eq. (4.8). The measured 
degree of spectral coherence is mapped such that highest radiation frequency co 2 
maps onto zero spectral frequency and lowest radiation frequency cc>i onto f 2 given 
by Eq. (4. 1 1). The mapped degree of spectral coherence at selected frequencies is 
shown by triangles and it is found to be in close agreement with the dotted line 
curve obtained using Eq. (4.14) in Fig. 4.4(a) to 4.7(a). Source intensity is 
reconstructed by Fourier inversion of the mapped degree of coherence using Eq 
(4.13). It is seen that none of the reconstruction of the source intensity is exact 
This is because the spatial Fourier transform of the source intensity distribution has 
substantial high frequency content that is not accessible at visible wavelengths. It is 
also seen that reconstruction becomes worse when the source size is reduced from 
0.5 mm to 0.28 mm. However, in all cases considered, it is noted that one can make 
an estimate of the source shape to a good approximation from the reconstructed 
source intensity. 

A characteristic feature that is implicit in the application of this technique is 
that we should have a prior knowledge of the source intensity and the spectrum, and 
also that the source has a sufficiently broad-band spectrum so that the recovery of 
all the spatial frequency components of the source intensity is possible. The mask, 
the double slit and the spectrum analyser can be chosen appropriately if we have the 
knowledge of the source intensity and the spectrum Under the conditions discussed 
earlier, there may be a good match between the experimentally measured degree of 
coherence and the theoretically expected values for the experimental parameters and 
a proper reconstruction of the source intensity-profile is possible, provided that the 
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spectral measurements are taken over the first order of the due to the 

grating (mask). It is observed that due to the low spatial frcqucnc;, of the mask 
grating different orders of the grating spectra can not be sop. stated out Hus »s one 
of the limitations of this experimental technique. I he othei }uoba*m cm n„n;.rej 
with such an experiment is that the radiation comma out of the Ymmv\ in 
some situations becomes so coherent that superposition of the tadt.iunn :r«>m the 
two slits does not take place. If some optical components aie used to 'urct fuse 
these two sources, e.g., a lens at the entrance slit of the monochromator the minces 
formed at the first light collecting mirror of the numochtonutn: do not tail at its 
centre. Hence, the spectra recorded for the two sources come out to he \cr\ 
different because of different angular positions of the sources, Fxtieme cate should 
be taken so that the radiation from single slit and the superposed radiation from the 
Young’s plane fall at the centre of the light collecting mirror of the motto Jit nmutor 
(Fig. 4.2). Reducing the sepaiation of young’s slits overcomes this dilluttiiv But 
this is done at the cost of r| and r, which in turn puts restriction on the si/e of the 
source intensity profile. 

§4.4 Condusion 

It is the first time we have shown experimentally that intensity tecotisu action 

to a good approximation of a source-profile masked with an amplitude grating can 
be performed with fixed baseline two pinholes/double slits interference experiments 
Spectral measurements of superposed radiation and radiation from only a single slit 
are required. However, a prior knowledge of the intensity and the spectrum of the 
sourceisrequired. With this techdque^^ optical intensity of 

quasi-homogeneous sources which form a rather large class of sources. Though in 
such an experiment some intensity is lost due to scattering at the mask and the 
double slit but with the improved detection techniques it should not be a serious 
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concern. In the present study, the source taken is a rotationally symmetric source. 
But this technique can be extended to other class of sources if some additional 
measurements resulting from the axial symmetry of the spectral degree of coherence 
are made. Such experiment may have useful practical applications, e.g., in 
automated inspection [7], 
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Chapter 5 


Spectroscopy of partially coherent fields at 
geometrical-image plane and Fourier 
transform plane of a lens 


In a recent theoretical study it has been shown that the spectrum of a 
partially coherent field radiated by a Gaussian Schell-model beam after passage 
through a lens will be blueshifted for on-axis points of observation and maximum 
blueshift in the spectra occurs at the back focal plane and no shift occurs at the 
geometrical-image plane of the lens [1]. 

In this chapter the results of an experimental study on the spectra of radiated 
field after passage through a lens by taking a Gaussian Schell-model beam produced 
by a He-Ne multimode laser, a secondary source of high degree of coherence 
produced at the far-zone of an incoherent source and a quasi-homogeneous source 
are reported. It is found experimentally that the spectra are blue shifted when 
detecting system is in the Fourier plane and no shift is observed in the geometrical- 
image plane of the lens. The amount of observed shift has been found to depend on 
the bandwidth of the source. For a broad-band source the observed shift is larger 
than the shift observed for narrow-band source. 
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It has been shown by Palma and Cincotti[l] that when such a field impinges 
on a lens of focal length^ whose transmission for paraxial approximation is given 
by 


x(r;v) = exp -i 


7 cvr 


2^ 


V cf 


(5.3) 


the field after the lens at a distance z 2 , again in paraxial approximation, gives the 
spectral intensity 5(0,z 2 ;v) ( the spectrum) on the optical z- axis ^ = 0) as 

S(0,: 2 ;v) = 5(0; v)M(z„z 2 ;v), (5.4) 


where 


M(z v z 2 ;v) = 


' „ \ 
1 — — 

- f) 
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Zi +z, — 


- 1-2 

f) 


(5.5) 


If we consider a case when z\ is at the front focal plane of a lens and z 2 is at 
the back focal plane or the Fourier transform plane of the lens, i.e. z, = / and 
z, = / , Eqs. (5.4) and (5.5) give 


5(0,z 2 ;v) = 5(0;v) 


Wo 


VcU 2 f) 


v 2 . 


(5.6) 


Equation (5.6) shows that the spectrum of the field at z 2 will be modified and shifted 
with respect to the source spectrum 5(0; v) . 


In a typical case when Zj = 2/ and z 2 = 2/, the geometrical-image plane with 
respect to each other (this case is specially discussed here because in 
spectroradiometric measurements, this combination of distances is taken for unit 
magnification of the source image formed at the entrance slit of the monochromator 
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using lens or mirror optical system), the spectrum at z 2 as obtained from Eqs. (5.5) 
and (5.6) is 5(0,z 2 ;v) = ^(O, v) . This means that the normalized spectrum at the 

geometrical-image plane would be the same as the normalized spectrum at the 
source plane. 

§5.2 Experimental setup and results 

Keeping in view the aforesaid calculations, we have performed spectral 
measurement in the Fourier plane and in the geometrical-image plane of a lens for 
two different sources namely (1) multimode He-Ne laser source and (2) a quasi 
homogeneous source with different degrees of spatial coherence. 

5.2.1 Gaussian Schell-model beam radiated by a multimode He-Ne green laser 
The experimental setup (shown in Fig. 5.1) was built up on a \ibration 
isolation table. The room temperature was maintained constant within ± 1°C to 
ensure that no significant drift takes place in the spectrum of laser radiation due to 
temperature variation. Spectral analysis of the laser radiation was made in two 
cases. First the spectrum of the radiation emitted by the laser source was taken 
without any auxiliary optics in between the source and the spectrometer. The 
instruments used and experimental procedure for measuring the spectra have been 
described in chapter 2. Curve A in Fig. 5.2 shows the spectrum of radiation from 
the multimode He-Ne green laser. Then the aperture of the laser source and the 
entrance slit of the monochromator were put at the front and back focal planes of a 
thin double convex lens (f= 30 cm) as shown in Fig. 5. 1. The spectrum of the laser 
radiation transmitted by the lens was recorded and is shown by a dotted line curve B 
in Fig. 5.2. A comparison of the two spectra (curves A and B in Fig. 5.2) reveals 
that the spectrum of the laser radiation in Fourier plane of the lens is shifted towards 
blue end of the electromagnetic spectrum and the magnitude of the observed relative 
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Fig. 5.1 Schematics of the experimental setup for measuring the spectra of laser 
radiation. L - lens, M - Monochromator, and DP - data processing unit. 

shift .\/Ja » 10'\ This observation is consistent with the theoretical value obtained 
using Eq. (5.6). The aperture of the laser source and the entrance slit of the 
monochromator were then put at the geometrical-image plane of the lens (i.e. both 
laser source and the entrance slit of the monochromator were at a distance 2/ = 60 
cm from the lens as shown in Fig. 5.1). The spectrum of the laser source recorded 
for this experimental setup is shown by curve C in Fig. 5.2. It is seen that this 
spectrum (Curve C) almost overlaps with the laser spectrum (Curve A). 
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Fig. 5.2 Spectrum of laser radiation (A) when no lens is put in between the laser 
source and the entrance slit of the monochromator. (B) when the aperture of laser 
source and the entrance slit of the monochromator are at the front and back focal 
planes of the lens, and (C) when the aperture of laser source and the entrance slit of 
the monochromator are at the front and back geometrical-image planes of the lens. 
The inset shows an exploded view of a small spectral region to show the difference 
between curves A, B and C. 


5.2.2 A quasi-homogeneous source with different degrees of spatial coherence 
Quasi-homogeneous secondary sources with different degrees of spatial 
coherence were generated using a tungsten halogen lamp with a diffuser. Two 
specific cases are described below in which a quasi-homogeneous secondary source 
having widely different degrees of spatial coherence were used. 

(I) A quasi-homogeneous source with low degree of spatial coherence was 
produced by illu min ating a rectangular slit with a diffuser source having uniform 
luminance. The schematics of the experimental setup is shown in Fig. 5.3. S is a 
450 W tungsten halogen lamp source having a planar filament D is a diffuser, A is 



91 


■0 


-/■ 


(Fourier Planes) 



2f — 2f 

(Geometrical Imaging) 

Fig. 5.3 Schematics of the experimental setup for measuring the spectra of the 
broad-band source formed at slit A. S - source, D - diff user A - rectangular slit, 
and M - monochromator. A and M are put at a distance f from the lens L in one 
experimental setup and at If from the lens L in another experimental setup, and 
DP - data processing unit. 

the one dimensional rectangular slit which acts as a quasi-homogeneous secondary 
source having a low degree of spatial coherence, L is a thin double convex lens, and 
M is a monochromator. The spectrum of the radiation emitted by the rectangular 
slit A was recorded without any auxiliary optics in between the source and the 
monochromator. The recorded spectrum is shown by curve A in Fig 5.4. The 
spectrum recorded by placing the lens in between the source and the detecting 
system, when both (the source and the detecting system) were at the front and back 
Fourier transform planes of the lens, is shown by curve B in Fig. 5.4. This spectrum 
(Curve B) is blue shifted with respect to the spectrum (Curve A) obtained without 
lens and it is also observed that the blue shift becomes more pronounced at the 
higher wavelengths. The experiment was also conducted with the lens placed in 
such a manner that the image of the slit obtained at the entrance slit of the 
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Fig. 5.4 Spectrum of radiation from the rectangular slit A. (A) when no lens is put 
in between the source slit A and the entrance slit of the monochromator, (B) when 
the source slit A and the entrance slit of the monochromator are at the front and 
back focal planes of the lens, and (C) when the source slit A and the entrance slit of 
the monochromator are at the front and back geometrical-image planes of the lens 
L. The inset shows an exploded view of a small spectral region to show the 
difference between curves A, B and C. 


monochromator with unit magnification, Le. the source and the detector were at the 
front and back geometric planes of the lens (each being at 2/ distance from the lens). 
It is found that the spectrum recorded in this case (curve C in Fig. 5.4) comes out to 
be nearly the same as obtained without any lens in between the slit A and the 
monochromator. A look at Fig. 5.4 reveals as if curve A and curve C are exactly 
identical. In a scale where wavelengths from 400 nm to 700 nm are shown, it is 
very difficult to visualize the difference curve A and curve C. Therefore, a small 
wavelength region is also shown in exploded form to show the difference among the 
curves distinctly. 




93 



(Fourier Planes) 

~-2f-~—2f-~ 
(Geometrical Imaging) 


Fig. 5.5 Schematics of the experimental setup for measuring the spectra of 
the broad-band source formed at slit SLi. S - source, D - diffuser. SLi, SL 2 and 
SL.? - rectangular slit. L - lens, M - monochromator, and DP - data processing unit. 

(II) A secondary source of high degree of spatial coherence was produced at the 
far-zone of an incoherent source. According to van Cittert-Zemike theorem, the 
nature of the degree of spatial coherence at the far-zone of an incoherent source of 
aperture size d is similar to the diffraction caused by the aperture and one can get 
the information about the areas of coherence from the wavelength of the radiation X, 
and the size of the aperture d. The effective coherence length as determined from 
the nature of the spatial coherence function and from the first zero of the sine 
function for a rectangular slit of size d is given by RX/d [5], where R is the distance 

from the source plane to the plane where the degree of coherence is measured. The 
experimental setup used in this study is shown in Fig. 5.5. An infinitely long 
rectangular slit SLi along y-axis and having dimension d=lmm along x-axis was 
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Fig 5.6 Spectrum of radiation from the slit SL 2 . (A) When no optical system is put 
m between SL 2 and M. (B) when SL 3 is put in between SL 2 and M, and (C) when 
3 and the entrance slit of the monochromator are at the front and back focal 
planes the Ians L. The inset shows an exploded view of a small spectral region to 
show the difference between curves A, B and C. 


kept close to the diffuser D illuminated by using a tungsten halogen source S. The 
coherence length at a distance of 9.1 m fiom SL, comes out to be 2.73 mm for an 
average wavelengdt = 600 tun At this position another one-dimensional rectangular 
slit SL 2 of opening of 0.75 mm which is much smaller than the coherence length was 
put. Therefore, a field of high degree of coherence was obtained over slit SL; The 
spectrum of radiation emitted by the slit SL 2 was measured without any auxiliary 
optics in between this slit and the monochromator and is shown by curve A in Figs. 
5.6 and 5.7. To observe the effect of an auxiliary optics in between this secondary 
source (sht SL 2 ) and the monochromator, a lens of focal length /= 30 cm and a 
rectangular slit SL, was used. The radiation fiom the slit SL, was made incident on 
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Fig. 5.7 Spectrum of radiation from the slit SL2. (A) When no optical system is put 
in between SL2 and M, (B) when SL3 is put in between SL2 and M, and (C) when 
SL3 and the entrance slit of the monochromator are at the front and back 
geometrical-planes of the lens L. The inset shows an exploded view of a s mall 
spectral region to show the difference between curves A, B and C. 


slit SL 3 of opening equal to 0.5 mm The source formed at SL 3 departs considerably 
from maintaining quasi-homogeneity condition as coherence length is much larger 
than the size of the slit SL 3 The normalized spectrum of the radiation emitted by 
SL 3 is shown by curve B in Figs. 5.6 and 5.7 and it is found to be the same as the 
normalized spectrum (curve A) of radiation from SL 2 . The spectra of the radiation 
transmitted by the lens placed in between the SL 3 and detector were recorded in two 
cases. 


(0 In the first case, the slit SL 3 was put at the front focal plane of this lens {f- 
30 cm) and the monochromator slit was at the back focal plane (the Fourier 
transform plane) of the lens (as shown in Fig. 5.5). The spectrum of the radiation 
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recorded by the monochromator is shown by curve C in Fig. 5.6. A comparison of 
curve B with curve C in Fig. 5.6 shows that this spectrum (curve C) is shifted 
towards the blue region of the electromagnetic spectrum with respected to the 
spectrum (curve B). This observation is consistent with the theoretical findings To 
show distinction between curves A, B and curve C, an exploded view of a small 
wavelength region is also shown in Fig. 5.6. 

(m) In the second case the slit SL 3 and the entrance slit of the monochromator 
were put at a distance of 2 f — 60 cm from the lens such that the slit SL 3 and the 
monochromator slit were at the front and back geometrical-image planes of the lens. 
The spectrum of the radiation recorded is shown by dotted line curve C in Fig. 5.6. 
It is seen that the curves A and C in Fig. 5.7 are nearly the same with in 
experimental errors. The same process of distinguishing curves A, B and curve C is 
repeated in Fig. 5.7. Curve A and curve B in Figs. 5.6 and 5.7 are identical as they 
were taken under identical conditions. 

§5.3 Conclusions 

These experimental studies show that the spectra on the optical r-axis of a 
lens are different at different positions. In the geometrical-image plane these 
observations show that no spectral shift occurs and the normalized spectrum of the 
imaged source is the same as that of the source observed without any optics. 
However, the spectrum is blue shifted when the spectrum is taken at the back focal 
plane of the lens and maximum blue shift takes place when the source and the 
detecting system are at the front and the back focal planes of the lens, Le. the source 
and the detecting system are at the Fourier transform planes. Our observations 
show that while performing spectral measurements with unit magnification in the 
geometrical-image plane, absence of spectral shift provides the best situation for 
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spectral measurement. This also has been shown by a theoretical calculation that in 
the geometrical-image plane of the lens the spectral modifier (Eq. 5.5) becomes 
independent of frequency v and thus the observed spectrum is modified by a 
constant factor only. Therefore the normalized spectra of the source and that of the 
field at the geometrical-image plane are exactly the same. However, the worst 
situation will be obtained when the spectral measurement are made at the back focal 
plane of a lens when the source and detection planes are the Fourier transform 
planes. These studies might be useful in spectral measurements relating to 
metrology 
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Chapter 6 


Study on coherence properties of light fields as 
influenced by a monochromator 






i 
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In chapter one it has already been discussed that the change in the spectrum 
of a source is dependent on the state of coherence of the source. In the experiments 
which have been performed, so far, secondary sources of varying degrees of 
coherence are produced and the far-field spectra are analyzed using a 
monochromator as a spectrum analyzer. In all these studies it has been found that 
the spectral shift observed using a monochromator as a spectrum analyser is more 
than the calculated for the experimental parameters. In chapter two we, on the basis 
of our observations, have made a conclusion that the coherence properties of the 


light field are modified by a monochromator. In many spectroscopic studies, for 
example, in detector calibration for spectral responsivity, selective excitation 
spectroscopy, etc., a monochromator is used as a spectral filter. The secondary 
source synthesized using a monochromator may produce such coherence properties 
of the secondary source that its far-field spectra may be different from the source 
spectrum. The aim of the present chapter is to study experimentally the effect of a j 
monochromator on the spatial coherence properties of the fight field incident at its 
entrance slit which after passing through the apertures, diffraction gratings and 
other auxiliary optics of the monochromator synthesizes a secondary source at the^ , 
exit slit of the monochromator. Experiments are performed with light fields of 
different states of spatial coherence incident at the entrance slit of monochromator. 
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The degree of spectral coherence or spectral degree of coherence (SDC) at the 
entrance and exit slits of the monochromator are determined using the spectral 
interference law by measuring the spectra of radiation from a Young s double slit 
(YDS) placed at the position of the entrance and exit slits of the monochromator. It 
is found that the SDC at the exit slit of the double monochromator is more than the 
SDC at the exit slit of a single monochromator and also much more than that at the 
entrance slit. It is, therefore, proposed that the change in spatial coherence property 
of the incident field must be studied carefully while synthesizing a secondary' source 
at the exit slit of a monochromator. 

In the present study different experimental conditions, of producing varying 
degree of spatial coherence of the incident field at the entrance slit of a 
monochromator depending on the optics, are considered. These conditions are 
studied in detail and the effect of monochromator on the coherence properties of the 
light fields is analyzed by measuring the spectra of the radiation from the YDS 
placed at the exit slit of the monochromator. 

§6.1 Experimental setup and results 

6.1.1 Partially coherent beam-like field incident at the entrance slit 

The experimental setup used for determining the SDC at the exit slit of a 
monochromator is shown in Fig. 6.1. The source S is a 40W tungsten-halogen lamp 
that is operated with a DC power supply of very high stability (1 part in 10 4 ). A is 
an infinitely long rectangular aperture of 1 mm width and D is a diffuser which is 
kept just before the aperture A so that it gets uniformly and incoherently 
illuminated. Aperture A acts as an incoherent secondary source and is put at the 
front focal plane of lens L. At the back focal plane of the lens L, the entrance slit of 
a double monochromator M! is kept so that partially coherent beam-like field is 
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M 1 


Fig. 6.1 Experimental setup for measuring the spectral degree of coherence 
at the exit slits Si and S 2 when partially coherent beam like field is incident at 
the entrance slit of monochromator Mi. S - source, D - diffuser, L - lens. 
Mi - double monochromator consisting of two single monochromator placed 
in juxtaposition, E - entrance slit of Mi, SI and S 2 - exit slits of single and 
double monochromator respectively. Y - Young’s double slit, M 2 - single 
monochromator used to measure the spectra of the radiation emanating from 
Si and S 2 or the double slit. Gi, G 2 and G - gratings of Mi and M 2 
respectively, PMT - photomultiplier detector and DP - data processing unit. 
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incident at Mi. The double monochromator is a combination of two single 
monochromators placed in juxtaposition so that output spectra from the exit slit S, 
of the single monochromator as well as from the exit slit S 2 of the double 
monochromator can be obtained. This monochromator is used as a tunable filter so 
that spectral profiles of different bandwidths at a fixed or at different wavelengths 
can be obtained. The spectra of the radiation emerging from the exit slits Si and S 2 
are analyzed using another single monochromator M 2 coupled with a cooled 
photomultiplier and data processing system. The gratings used in Mj and M 2 have 
1200 lines/mm and are blazed at 300 nm. 

To obtain spectral profiles of considerably large bandwidth, experiments with 
varying slit widths of the monochromator are done. Within the experimental 
limitations spectral profiles having full width at half maximum (FWHM) 



Wavelength (nm) 


6.2 The normalised spectral density for the spectral profile peaking at about 544 nm 
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Fig. 6-3 The normalised spectral density for the spectral profile peaking at about 580 nm 


approximately equal to 4 nm, when the opening of the entrance and exit slits Si and 
S; of the monochromator Mi are 2 mm each, are obtained. The normalized spectra 
of two spectral profiles peaking at 544 nm and 580 nm are shown in Figs. 6.2 and 
6.3. To determine the spectral degree of coherence at the exit slits of the 
monochromator, double slits (which will be referred to as Young’s slit) is used at 
each of the exit slits Si and S 2 of the monochromator Mi. 


For YDS experiment, the spectral interference law as derived by James and 
Wolf [1] is 


s(Q,x)=2^\QX, 



ca3(^-^)+|3 12 &) 


( 6 . 1 ) 


where S(Q,X) is the superposed spectrum at point Q (which is the entrance slit of 
in the observation plane. & l \Q,X) is the spectrum from one of the slits of YDS 



when the other one is closed and it is assumed that the spectra obtained from each 
of the slits of YDS are identical. This may be a drastic assumption. However, for a 
grating monochromator with lin ear dispersiomj njhe present case, the spectra of the 
radiation from the two slits having axial separation * 458 pm may not differ much. 
This was verified experimentally in the present study. I I IS the modulus of 

the complex degree of coherence produced over the plane of the YDS. Ri and R 2 
and are the distances of Q from P, and P 2 respectively (In the present study it is 
assumed that Ri = R 2 because the slits are symmetrically placed). 0i 2 (A.) is assumed 
to be 0 or jt due to the symmetry of the source and that of the experimental system. 
The SDC at the slits Si and S 2 of the monochromator M, is determined by 
measuring the superposed spectrum (when both the YDS are open) and the 
spectrum from the individual slit (when one slit is open and the other one is closed 
and vice versa) with monochromator M 2 and putting the data in Eq. (6.1). The 
SDCs determined for the two spectral profiles (one extending from 538 nm to 548 
nm peakina at about 544 nm and the other from 574 nm to 584 nm peaking at about 
580 nm) are shown by curve A over the plane of the slit Si and by curve B over the 
plane of the slit S 2 in Figs. 6.4 and 6.5 respectively. 


The SDC at the entrance slit of the monochromator Mi (which is at the back 
focal plane of the lens L) due to a rectangular source of width ‘u A ’ can be calculated 
using the following relation 
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where [ft — p^[ is the modulus of the difference of the position vectors of two points 
on the entrance slit of the monochromator Mi which is chosen to be equal to 




Fig. 6.4 Curves A and B - the spectral degree of coherence obtained experimentally 
at Si and S2 respectively for the spectral profile extending from 538 to 548 m 
Curve C - the spectral degree of coherence obtained for the experimental 
parameters, viz. a A = 1 mm ,/ = 20 cm, {ft ~Pi| - 458 pm and X for the spectral 
range. 


458 pm because, in the present study, the average separation between the YDS is 
equal to 458 jim a A = 1 mm is the size of the aperture A, /is the focal length of lens 
L (f = 20 cm) and X is the wavelength of the field. The SDCs calculated using Eq. 
(6.2) for the wavelength ranges from 538 nm to 548 nm and from 574 nan to 584 nm 
are shown by dotted curves C in Figs. 6.4 and 6.5 respectively. It is seen that the 
SDC calculated using Eq. (6.2) is in close agreement with that obtained 
experimentally. These figures also reveal that the SDCs at slits Si and S 2 are more 
than the SDC at the entrance slit of the monochromator Mi and the SDC at S 2 is 


more than SDC at Si. 
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Fig. 6.5 Curves A and B - the spectral degree of coherence obtained experimentally 
at Si and S 2 respectively for the spectral profile extending from 574 to 584 nm 
Curve C - the spectral degree of coherence obtained for the experimental 
parameters, viz. a A - 1 mm, /= 20 cm, jp^ - ft] = 458 pm and A, for the spectral 
range. 


6.1.2 Secondary source imaged at the entrance slit of the monochromator 

In most of the measurements, for example spectroscopic measurements and 
also in spectroradiometric measurements, a secondary source in the form of a 
circular or a rectangular aperture is imaged at the entrance slit of a monochromator. 
The secondary source which is an incoherent or a quasi-homogeneous source (which 
is a globally incoherent source) if imaged, the coherence properties of the image 
may be assumed to be nearly the same as that of the secondary source. Though the 
coherence spread function of the image may not be the same as that of the source, 
yet, to a good degree of assumption, this can be treated as an incoherent source. 
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The spectral properties of this imaged source are analyzed by YDS and 
monochromator M 2 whose description are given in 6.1.1. It is found that the 
imaged source is also an incoherent source since the superposed spectrum from both 
slits of \ DS is just an algebraic sum of the two spectra from individual slits of YDS. 

Occasionally. It is assumed that the optics of a monochromator acts onlv as 
an imaging svstem which images the source (at its entrance slit) at the exit slit after 
dispersion through the grating(s) so that the coherence property of the field at the 
image plane is the same as that of the field at the entrance slit. This assumption may 
not be correct. To verify this an experimental setup shown in Fig. 6.6 is employed. 
The description of the source and the other ancillary used is the same as in section 
6.1.1. Aperture A act as an incoherent secondary source and is imaged with unit 
magnification with the help of a lens L at the entrance slit of the monochromator 
Mi. The SDCs at the slits Si and S 2 of the monochromator Mi are determined by 
measuring the superposed spectrum from both the slits of YDS and the spectrum 
from the individual sht (when one slit is open and other one is closed and vice versa) 
with monochromator M 2 and putting the data in Eq. (6.1) under the same 
assumption as made in section 6.1.1. The SDCs measured (for the spectral profiles 
extending from 538 to 548 nm and for the spectral profile extending from 574 to 
584 nm) are shown by curve A over the plane of Si and by curve B over the plane of 
slit S 2 in Figs. 6.7 and 6.8 respectively. Figures 6.7 and 6.8 indicate that high 
degree of coherence is generated at the slits Si and S 2 . 

§6.3 Discussion 

The experimental observations from different experiment performed in the 
present study show obviously that the processes of synthesizing a secondary source 
using a monochromator has to be looked into very carefully. The auxiliary optics of 
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Fig. 6.6 Experimental setup for measuring the spectral degree of coherence 
at the exit slits Si when secondary source is imaged at the entrance slit of the 
monochromator Mi. S - source, D - difliiser, L - lens. Mi - double 
monochromator consisting of two single monochromator placed in 
juxtaposition, E - entrance slit of Mi, Si and S2 - exit slits of single and 
double monochromator respectively. Y - Young’s double slit, M2 - single 
monochromator. Gi, G2 and G - gratings of Mi and M2 respectively, PMT - 
photomultiplier detector and DP - data processing unit. 
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Fig. 6.7 Curves A and B - the spectral degree of coherence obtained experimentally 
at Si and S 2 respectively for the spectral profile extending from 538 to 548 nm. 


the monochromator augments the SDC whether a partially coherent beam like field 
and an incoherent field is incident at the entrance slit of a monochromator. If we 
look very carefully into the process of image formation in a monochromator, the 
optical elements like apertures (entrance or exit slits), the gratings and the mirrors 
or the lenses make the light field more and more coherent. It is clear from the 
results of the different experiments that the SDC at the exit slit S 2 of double 
monochromator is more than the SDC at the exit slit Si of a single monochromator 
and is also much more than the degree of coherence at the entrance slit E of the 
monochromator. 


Wolf [2], while discussing the invariance of the spectrum on propagation of 
tion, derived an expression for the far-zone normalized spectral density of a 




110 



Fig. 6.8 Curves A and B - the spectral degree of coherence obtained 
experimentally at Si and S 2 respectively for the spectral profile extending 
from 574 to 584 nm. 

quasi-homogeneous source in the direction specified by a unit vector s which is 
given by 

5^“^(rs,co) = s x ,coj (6.3) 

where AT is a normalization constant. A look at Eq. (6.3) reveals that the far-zone 
spectrum is dependent on the Fourier transform of the spectral degree of coherence 
of the secondary source. In earlier experiments conducted to verify Wolf’s 
theoretical predictions, secondary sources were generated which violated either the 
scaling law [2] or the quasi-homogeneity condition[4]. Indebetouw [3] synthesized 
a secondary source using some dispersive elements and a pupil mask function which 
violated Wolf’s scaling law [2]. In some practical situations mentioned in the 
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introduction, a monochromator may have to be used to synthesize a secondary 
source and optical fields of different states of coherence may be incident at the 
entrance slit of a monochromator. For the theoretical estimation of the spectrum 
which is expected to be observed in the far-zone of a secondary source. Fourier 
transform of the actual SDC of the secondary source should be taken. Otherwise 
the spectral shifts calculated theoretically and that observed experimentally are 
bound to differ this may lead to confusion and erroneous calculations. In the 
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present study it is shown experimentally that the SDC of the field at the exit slit of a 
monochromator differs from its state of coherence at the entrance slit of the 
monochromator. The change occurs due to the influence of the auxiliary' optics in 


the monochromator. 

§6.4 Conclusion 

In the present research 



the effect of monochromator on the coherence 


properties of the radiation, when a monochromator is used to produce a secondary 
source at the exit slit of a monochromator, is studied. Experiments are conducted 


with different states of coherence of the incident field at the monochromator. The 


experimental results show that the degree of coherence of the field at the exit slit of 
a monochromator is modified considerably by the optics of the monochromator. 


Therefore, if one uses a monochromator to synthesizes a secondary source whose 
far-zone spectral properties are to be studied, the coherence properties of the 
incident field and that of the secondary source produced after the incident field has 
propagated through the monochromator should be studied carefully because the far- 
field spectrum is very much dependent on the coherence properties of the source. 
On the other hand, if one uses a monochromator to analyze the spectra of optical 
field at the exit slit, one should no concern regarding the changes of spatial 


coherence of the field. 
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